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Abstract 

The aim of this research was to study a novel membrane based oxygen intensification system to 

enhance a biological wastewater treatment process for ammonia removal. Specifically, this work 

is concerned with the biological nitrification process which occurs in ion exchange packed 

columns during ammonia removal from wastewater. 

Two types of commercial clinoptilolite were used, namely KMI and BIT, as ion exchangers. 

Removal of ammonium ion by ion exchange offers a number of advantages such as the 

capability to handle shock loadings and to purify wastewater to a very high specification. Also, 

ion exchangers can be used to provide a solid surface for bacterial growth which enhances 

performance.  

The uptake removal rates of ammonium ions onto KMI and BIT clinoptilolite using DI water, 

RO water, and filtered tap water were examined. The presence of major metal ions that normally 

exist in wastewater such as K
+
, Ca

++
, and Mg

++
 and their impact on ammonia adsorption was 

tested. The experimental data were fitted using Langmuir and Freundlich isotherms and 

compared to related works done previously. KMI clinoptilolite exhibited the highest uptake 

capacity, and KMI clinoptilolite preference for the metal ions was found to be in the order 

Mg
++

≈K
+
>Ca

++
. 

The kinetics of the ammonium ion removal were studied at bench scale using KMI and BIT 

clinoptilolite. The process variables include: initial ammonia concentration, amount of 

clinoptilolite in contact with the solution, clinoptilolite particle size, and mixing speed. To model 

the kinetics removal rates two types of diffusion was assumed to be possible rate limiting steps, 

namely the external film diffusion and the intraparticle diffusion. Two models were selected to 
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fit the controlled diffusion resistances, Furusawa-Smith to model the external film resistance and 

McKay model to model the intraparticle film resistance. The values of the external and internal 

mass transfer coefficients were calculated and tabulated. 

Five air permeable membranes were used, four porous membranes and a dense membrane. The 

porous membranes were Polyethersulfone (PES), Polytetrafluoroethylene (PTFE), Polypropylene 

(PP), and Nylon. The dense membrane was a silicon tube membrane. All membranes were 

assessed for aeration. The overall mass transfer coefficients were calculated using the two-film 

theory model. The highest oxygen transfer rate was observed in PTFE membrane, and in the 

following order of lower performance PP > PES > Nylon > silicon tube. 

For the column studies, different loading rates were used, 0.96, 0.25, and 0.03 Kg N/(m
3
day) 

depending on the type of the experiment. For the bacteria-free silicon membrane column, the 

inlet ammonia concentration, bed height, and inlet flowrate were examined. Biologically 

activated silicon membrane column exhibited no difference in the ammonia removal comparing 

to bacteria-free column under the same operating conditions. 

The porous membrane columns were designed to enhance the aeration for the combined 

biologically active ion exchanger packed bed column.  It was found that the porous membrane 

columns were significantly enhanced by introducing the nitrifying bacteria into the columns. For 

example, the uptake capacity of PP membrane column was increased from 0.43 to 0.67 meq/g by 

introducing the biological material into the PP column. The breakthrough bed volumes (BVs) 

were estimated and the uptake column capacities were calculated for all the used columns. The 

breakthrough curves were modeled using the Bohart-Adams and Thomas models. 
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To assess the bio-regeneration as an alternative to the chemical regeneration, nitrifying bacteria 

circulated in PP and PES columns to treat exhausted KMI clinoptilolite. The results showed that 

some regeneration may be achieved, but complete regeneration would require higher 

concentrations of biomass which is recommended for future study. 

 

 

 

 

  

  



vi 

 

 

 

 

 

 

 

 

 

Dedication 

This work is dedicated to my parents Joza and Fihan Almutairi 

  



vii 

 

Acknowledgement 

I would like to acknowledge my advisor, Professor Laurence Weatherley, for giving me the 

opportunity to work with him and for his continuous support and encouragement over the last 

four years. His input to all the work presented here was critical. 

I would like to offer thanks to my committee members Dr. Craig Adams, Dr. Karen Nordheden, 

Dr. Shapour Vossoughi, and Dr. Russell Ostermann for their time and input to this research.  

Thanks must be offered to Kuwait University for the funding they provided to me. 

The following people provided help for this research and I need to pass thanks to them: Alan 

walker, Dr. Karen Peltier, Dr. Belinda Sturm, Mohammad Almishwat, Dr. Philip Gao., Neeraja 

Vajrala, and Prem Thapa. 

My family deserves special thanks, My mother Joza Almutairi, my brother Bo Fihan Mubarak, 

My sisters Alia and Mariam. To my wife Hessa, my daughters Asma, Amar, and Shaikhah, and 

my son Jarrah I would say: Thank you, you are gifts from God. 

To my friends, in Kuwait and in Lawrence, thank you.  

 

  



viii 

 

Table of Contents 

Abstract .......................................................................................................................................... iii 

Dedication ...................................................................................................................................... vi 

Acknowledgement ........................................................................................................................ vii 

Table of Contents ......................................................................................................................... viii 

List of Figures ................................................................................................................................. 1 

List of Tables .................................................................................................................................. 9 

1 Introduction ........................................................................................................................... 12 

1.1 Wastewater treatment and the environment ................................................................... 12 

1.1.1 Wastewater treatment plant..................................................................................... 12 

1.2 Ammonia in environment............................................................................................... 13 

1.3 The nitrogen cycle .......................................................................................................... 15 

1.3.1 Nitrification ............................................................................................................. 18 

1.3.2 Nitrifying bacteria ................................................................................................... 18 

1.3.3 Nitrifying bacteria kinetics ..................................................................................... 22 

1.4 Ion exchange .................................................................................................................. 25 

1.4.1 Clinoptilolite: Description ...................................................................................... 28 

1.4.2 Ion exchange equilibrium ....................................................................................... 31 

1.4.3 Ion exchange capacity ............................................................................................. 32 

1.4.4 Ion exchange selectivity .......................................................................................... 33 

1.4.5 Adsorption............................................................................................................... 36 

1.4.6 Ion exchange kinetics .............................................................................................. 39 

1.4.7 Ion exchange regeneration ...................................................................................... 44 

1.4.7.1 Chemical regeneration ..................................................................................... 44 

1.4.7.2 Bio-regeneration .............................................................................................. 45 

1.5 Other methods for ammonia removal............................................................................. 46 

1.6 Process intensification .................................................................................................... 47 

1.7 Research objectives ........................................................................................................ 49 

2 Literature Review.................................................................................................................. 51 

2.1 Nitrification .................................................................................................................... 51 



ix 

 

2.1.1 Substrate inhibition ................................................................................................. 52 

2.1.2 pH role in nitrification process ............................................................................... 56 

2.1.3 Temperature effect on nitrification ......................................................................... 59 

2.1.4 Oxygen concentration ............................................................................................. 62 

2.1.4.1 Role of oxygen in nitrification......................................................................... 62 

2.1.4.2 Oxygen limitations .......................................................................................... 64 

2.2 Ion Exchange .................................................................................................................. 69 

2.2.1 Removal of ammonia by ion exchange ................................................................... 69 

2.2.2 Clinoptilolite’s capacity .......................................................................................... 69 

2.2.3 Clinoptilolite packed bed column ........................................................................... 77 

2.2.3.1 Uptake models ................................................................................................. 77 

2.3 Immobilization ............................................................................................................... 82 

2.4 Membranes applications in bioprocesses ....................................................................... 87 

2.5 Transport phenomena in biologically active ion exchange column ............................... 88 

2.5.1 Ion exchange mass transfer ..................................................................................... 88 

2.5.2 Oxygen mass transfer .............................................................................................. 95 

2.5.3 Biofilm .................................................................................................................... 97 

2.5.3.1    External mass transfer ........................................................................................ 99 

2.5.3.2    Mass diffusion of the biofilm ........................................................................... 100 

3 Experimental Materials and Methods ................................................................................. 103 

3.1 Experimental materials ................................................................................................. 103 

3.1.1 Ion exchange materials analysis............................................................................ 103 

3.1.1.1    Electron Microscopy ........................................................................................ 103 

3.1.1.2    XRF analysis .................................................................................................... 104 

3.1.1.3     EDS analysis .................................................................................................... 104 

3.1.1.4    Surface area and pore size measurements ........................................................ 104 

3.1.2 Material preparation .............................................................................................. 104 

3.2 Experimental methods .................................................................................................. 105 

3.2.1 Batch equilibrium studies ..................................................................................... 105 

3.2.2 Kinetics studies ..................................................................................................... 108 

3.2.3 Aeration studies .................................................................................................... 111 



x 

 

3.2.4 Column studies...................................................................................................... 115 

3.2.4.1 Design of the columns ................................................................................... 115 

3.2.4.2 Service procedure .......................................................................................... 123 

3.2.4.3 Bacteria immobilization ................................................................................ 125 

3.2.4.4 Bacteria inoculation ....................................................................................... 126 

3.2.5 Bioregeneration column ........................................................................................ 127 

3.3 Analytical methods ....................................................................................................... 129 

3.3.1 Ammonia measurements ....................................................................................... 129 

3.3.2 Nitrite measurement .............................................................................................. 131 

3.3.3 Oxygen measurement............................................................................................ 132 

3.3.4 pH measurement ................................................................................................... 132 

3.3.5 Conductivity measurement ................................................................................... 132 

3.3.6 Protein measurement ............................................................................................. 132 

3.3.7 Temperature measurement .................................................................................... 133 

4 Results and Discussion ....................................................................................................... 134 

4.1 Ion exchanger analysis ................................................................................................. 134 

4.1.1 Electron microscopy ............................................................................................. 134 

4.1.2 XRF analysis ......................................................................................................... 135 

4.1.3 EDS analysis ......................................................................................................... 137 

4.1.4 Surface area and pore size measurements ............................................................. 138 

4.2 Batch equilibrium studies ............................................................................................. 139 

4.2.1 The uptake capacity .............................................................................................. 139 

1000..................................................................................................................................... 144 

4.2.2 Influence of other cations on the uptake capacity ................................................. 149 

4.2.2.1 Modeling of the uptake data .......................................................................... 153 

4.3 Kinetic studies .............................................................................................................. 158 

4.3.1 KMI clinoptilolite ................................................................................................. 158 

4.3.1.1 External Mass Transfer Model ...................................................................... 160 

4.3.1.2 Internal Mass Transfer Model ....................................................................... 165 

4.3.2 BIT clinoptilolite ................................................................................................... 168 

4.3.2.1 External Mass Transfer Model ...................................................................... 171 



xi 

 

4.3.2.2 Internal Mass Transfer Model ....................................................................... 173 

4.4 Aeration studies ............................................................................................................ 176 

4.4.1 SEM analysis for porous membrane ..................................................................... 176 

4.4.2 Water deoxygenation ............................................................................................ 180 

4.4.3 Membranes performance ...................................................................................... 181 

4.4.4 Overall mass transfer coefficient .......................................................................... 184 

4.5 Column studies ............................................................................................................. 189 

4.5.1 Silicon tube membrane column ............................................................................ 189 

4.5.1.1 Column without bacteria ............................................................................... 189 

4.5.1.2 Silicon tube column with bacteria ................................................................. 198 

4.5.2 Porous membrane columns ................................................................................... 200 

4.5.2.1 PES membrane column ................................................................................. 201 

4.5.2.2 PTFE membrane column ............................................................................... 202 

4.5.2.3 PP membrane column .................................................................................... 203 

4.5.2.4 Nylon membrane column .............................................................................. 205 

4.5.3 Porous membrane columns: Comparison ............................................................. 206 

4.5.4 Bio-regeneration Columns .................................................................................... 217 

5 Conclusion .......................................................................................................................... 221 

5.1 Material analysis .......................................................................................................... 221 

5.2 Batch equilibrium studies ............................................................................................. 221 

5.3 Kinetics studies ............................................................................................................ 221 

5.4 Aeration studies ............................................................................................................ 222 

5.5 Column studies ............................................................................................................. 222 

6 Future work ......................................................................................................................... 224 

7 Appendices .......................................................................................................................... 226 

8 References ........................................................................................................................... 239 

 

 



1 

 

List of Figures 

Figure 1.1: A schematic diagram of a water treatment plant. 13 

Figure 1.2: The effect of pH and temperature on ammonia/ammonium equilibrium [5]. 15 

Figure 1.3: Simplified nitrogen cycle [4]. 17 

Figure  1.4: Nitrosomonas europea, Magnification X 32,500[3]. 19 

Figure  1.5: Nitrobacter Winogradskyi, Magnification X 63,000 [3]. 19 

Figure 1.6: Transformations of nitrogen during noninhibited nitrification, batch experiment[14].

 22 

Figure 1.7: Phases of growth [4]. 23 

Figure 1.8: Monod description for the bacterial growth [4]. 24 

Figure  1.9: different zeolitic structure [5]. 26 

Figure  1.10: Occurrence of Clinoptilolite in USA [1]. 29 

Figure  1.11: Crystalline structure of clinoptilolite [26]. 30 

Figure  1.12: Zeolite initial and equilibrium states [3]. 31 

Figure  1.13: Generalized ion exchange isotherms [5]. (a) Binary isotherm, mole fraction; (b) 

other possible isotherms. 34 

Figure  1.14: Process intensification tools [35]. 47 

Figure  2.1: Comparison between full and partial nitrification [39]. 51 

Figure  2.2: Effects of pH upon the activity of Nitrosomonas (reproduced from [67]). 57 

Figure  2.3: Specific ammonium and nitrite oxidation rate at different temperatures [64]. 59 

Figure  2.4: Effect of dissolved oxygen on the growth rate of nitrifiers [91]. 68 

Figure  2.5: Dependence of the clinoptilolite’s capacity on the initial ammonium concentration 

for different clinoptilolite pretreatments [106]. CL indicates for that clinoptilolite was natural and 



2 

 

untreated, CL_Na means that clinoptilolite was treated in 2M NaCl at 25ºC, CL_Na(t) indicates 

that  clinoptilolite was treated in 2M NaCl at 90 ºC for 7 hr [106]. Note That Qe is the 

clinoptilolite’s capacity in mg/g and not in meq/g, to do the conversion divide the Qe in mg/g by 

molecular weight of nitrogen which is 14. 74 

Figure  2.6: Removal efficiency of ammonium ion at different pH values [106]; CL, Cl_Na, 

CL_Na(t) were explained as in the case of Figure 2.4. The initial ammonium ion was 175 mg/l, 

and clinoptilolite used was added in an amount of 10 g clinoptilolite/l. 76 

Figure  2.7: Mass transfer zone, exchanging zone, moving through a packed bed [109]. A
+
 is 

equivalent for the sodium form and B
+
 for ammonium ion. 78 

Figure  2.8: Breakthrough curves [5]. 79 

Figure  2.9: Basic methods of cell immobilization [122]. 84 

Figure  2.10: Ion exchange process steps. Adapted from Silva et al [139]. 90 

Figure  2.11: Transport of oxygen from a gas source to inside a cell [143]. 95 

Figure  2.12: Conceptual substrate concentration profile [17]. 98 

Figure  3.1: Types of clinoptilolite used in this work, KMI on the left and BIT on the right. 105 

Figure  3.2: Kinetics equipment design. 108 

Figure  3.3: Different sizes of KMI clinoptilolite used in kinetics studies. Sizes from left to right: 

0-0.7 mm. 0.7-1.0 mm, and 1.0-1.4 mm. 110 

Figure  3.4: Aeration studies apparatus. 111 

Figure  3.5: Membrane module. 113 

Figure  3.6: Silicon membrane module column. 117 

Figure  3.7: Cross-sectional view of silicon membrane module column. Clinoptilolite was filled 

inside and outside the membrane module. 118 



3 

 

Figure  3.8: Porous membrane module column. 119 

Figure  3.9: Cross-sectional view of silicon membrane module column. Clinoptilolite was filled 

outside the membrane module while air is pressurized inside the module. 120 

Figure  3.10: Down-flow condition. Air was supplied into the column by air cylinder. 121 

Figure  3.11: Up-flow condition. Air was supplied by air cylinder, and it depends on the column 

design. 122 

Figure  3.12: A column runs with an up-flow condition, porous membrane column design. 123 

Figure  3.13: Bioregeneration column setup. 128 

Figure  4.1: Surface photographs of KMI. 134 

Figure  4.2: Surface photographs of BIT. 135 

Figure  4.3: EDS analysis of KMI clinoptilolite. 137 

Figure  4.4: EDS analysis of BIT clinoptilolite. 137 

Figure  4.5: Reduction of ammonia concentration over time for different initial ammonia 

concentrations in 100 ml of solution and 1.0 g of KMI clinoptilolite (T= 23 ºC, particle size 0.42 

mm- 1.41 mm, RO water). 140 

Figure  4.6: Reduction of ammonia concentration over time for different initial ammonia 

concentrations in 100 ml of solution and 1.0 g of BIT clinoptilolite (T= 23 ºC, particle size 0.42 

mm- 1.41 mm, RO water). 141 

Figure  4.7: Reduction of ammonia concentration over time for different initial ammonia 

concentrations in 100 ml of solution and 1.0 g of KMI clinoptilolite (T= 23 ºC, particle size 0.42 

mm- 1.41 mm, DO water). 145 



4 

 

Figure  4.8: Reduction of ammonia concentration over time for different initial ammonia 

concentrations in 100 ml of solution and 1.0 g of BIT clinoptilolite (T= 23 ºC, particle size 0.42 

mm- 1.41 mm, DI water). 146 

Figure  4.9: Reduction of ammonia concentration over time for different initial ammonia 

concentrations in 100 ml of solution and 1.0 g of KMI clinoptilolite (T= 23 ºC, particle size 0.42 

mm- 1.41 mm, tap water). 146 

Figure  4.10: Reduction of ammonia concentration over time for different initial ammonia 

concentrations in 100 ml of solution and 1.0 g of BIT clinoptilolite (T= 23 ºC, particle size 0.42 

mm- 1.41 mm, tap water). 147 

Figure  4.11: Uptake performance of KMI clinoptilolite in presence of potassium, calcium, and 

magnesium. 150 

Figure  4.12: Equilibrium isotherm data for ammonium uptake onto KMI clinoptilolite fitted to 

the Langmuir and the Freundlich adsorption models. 154 

Figure  4.13: Equilibrium isotherm data for ammonium uptake onto KMI clinoptilolite in the 

presence of potassium fitted to the Langmuir and the Freundlich adsorption models. 154 

Figure  4.14: Equilibrium isotherm data for ammonium uptake onto KMI clinoptilolite in the 

presence of calcium fitted to the Langmuir and the Freundlich adsorption models. 155 

Figure  4.15: Equilibrium isotherm data for ammonium uptake onto KMI clinoptilolite in the 

presence of magnesium fitted to the Langmuir and the Freundlich adsorption models. 155 

Figure  4.16: Ammonia uptake onto KMI clinoptilolite with different initial ammonia 

concentrations. 158 

Figure  4.17: Ammonia uptake onto KMI clinoptilolite with different particle size. 159 

Figure  4.18: Ammonia uptake onto KMI clinoptilolite with different mixing speed. 159 



5 

 

Figure  4.19: Ammonia uptake onto KMI clinoptilolite with different amount of material. 160 

Figure  4.20: Estimation of the external mass transfer coefficient, kf, for KMI clinoptilolite at M = 

6.0 g using Furusawa-Smith model. 161 

Figure  4.21: Estimation of the internal mass transfer coefficient, kd, for KMI clinoptilolite at M = 

6.0 g using McKay model. 165 

Figure  4.22: Ammonia uptake onto BIT clinoptilolite with different initial ammonia 

concentrations. 169 

Figure  4.23: Ammonia uptake onto BIT clinoptilolite with different particle size. 169 

Figure  4.24: Ammonia uptake onto BIT clinoptilolite with different mixing speed. 170 

Figure  4.25: Ammonia uptake onto BIT clinoptilolite with different amount of material. 170 

Figure  4.26: SEM analysis of PP membrane. 176 

Figure  4.27: SEM analysis of Nylon membrane. 177 

Figure  4.28: SEM analysis of PES membrane. 178 

Figure  4.29: SEM analysis of PTFE membrane. 179 

Figure  4.30: Deoxygenation of 2.5 L tap water by 2.5 mg sodium sulfite. 180 

Figure  4.31: Silicon tube membrane oxygenation at different pressures. 181 

Figure  4.32: Porous membrane oxygenation at P = 1.0 psi. 182 

Figure  4.33: Porous membrane oxygenation at P = 4.0 psi. 182 

Figure  4.34: Porous membrane oxygenation at P = 8.0 psi. 183 

Figure  4.35: Determination of overall mass transfer coefficient of PES membrane at 1.0 psi. 185 

Figure  4.36: Two-film theory for gas transfer. 187 

Figure  4.37: Liquid film layer resistance. 187 



6 

 

Figure  4.38: The breakthrough charecteristics for ammonium uptake onto KMI clinoptilolite for 

two runs. Downflow, initial ammonia concentration: 20 mg N-NH4
+
/l, particle size: 0.42-1.41 

mm, flowrate: 13.7 BV/hr (22 L/hr), bed height: 32 cm. 190 

Figure  4.39: The breakthrough charecteristics for ammonium uptake onto BIT clinoptilolite for 

two runs. Downflow, initial ammonia concentration: 20 mg N-NH4
+
/l, particle size: 0.42-1.41 

mm, flowrate: 13.7 BV/hr (22 L/hr), bed height: 32 cm. 191 

Figure  4.40: A representative figure of how to find the breakthrough BV. 192 

Figure  4.41: The uptake values for column packed with KMI clinoptilolite fitted with the silicon 

aeration tube. Downflow, initial ammonia concentration: 20 mg N-NH4
+
/l, particle size: 0.42-

1.41 mm, flowrate: 13.7 BV/hr (22 L/hr), bed height: 32 cm, P=25.0 psi. 194 

Figure  4.42: The impact of the bed height on the performance column fitted with silicon tube 

aeration tube. Downflow, initial ammonia concentration: 20 mg N-NH4
+
/l, particle size: 0.42-

1.41 mm, flowrate: 13.7 BV/hr (22 L/hr) 195 

Figure  4.43: The impact of the bed height on the performance column fitted with silicon tube 

aeration tube. Downflow, initial ammonia concentration: 40 mg N-NH4
+
/l, particle size: 0.42-

1.41 mm, bed height: 27 cm. 197 

Figure  4.44: Column breakthrough biologically active and non active silicon tube column. 

Downflow, initial ammonia concentration: 40 mg N-NH4
+
/l, particle size: 0.42-1.41 mm, bed 

height: 27 cm, P=25 psi. 199 

Figure  4.45: Biologically active and non active PES membrane column. Upflow, initial ammonia 

concentration: 40 mg N-NH4
+
/l, particle size: 0.42-1.41 mm, bed height: 27 cm, P=1.5 psi. 200 



7 

 

Figure  4.46: Biologically active and non active PTFE membrane column. Upflow, initial 

ammonia concentration: 40 mg N-NH4
+
/l, particle size: 0.42-1.41 mm, bed height: 27 cm, P=1.5 

psi. 206 

Figure  4.47: Biologically active and non active PP membrane column. Upflow, initial ammonia 

concentration: 40 mg N-NH4
+
/l, particle size: 0.42-1.41 mm, bed height: 27 cm, P=1.5 psi. 204 

Figure  4.48: Biologically active and non active Nylon membrane column. Upflow, initial 

ammonia concentration: 40 mg N-NH4
+
/l, particle size: 0.42-1.41 mm, bed height: 27 cm, P=1.5 

psi. 205 

Figure  4.49: Biologically free porous membranes columns. 206 

Figure  4.50: Biologically active porous membranes columns. 208 

Figure  4.51: Nitrite production of biologically enhanced PES and PTFE membrane columns. 211 

Figure  4.52: Nitrite production of biologically enhanced PP and Nylon membrane column. 211 

Figure  4.53: Oxygen concentration through biologically active and non active PP and Nylon 

membrane columns. 213 

Figure  4.54: Bacteria-free PES membrane column uptake modeling. 214 

Figure  4.55: Bacteria-free PTFE membrane column uptake modeling. 214 

Figure  4.56: Bacteria-free PP membrane column uptake modeling. 215 

Figure  4.57: Bacteria-free Nylon membrane column uptake modeling. 215 

Figure  4.58: Bio-regenerationof exhasuted KMI clinoptilolite packed in PP and PES membrane 

columns. 218 

Figure  4.59: Batch experiment equilibration for the biologically regenerated KMI clinoptilolite 

obtained from the PP column. 219 



8 

 

Figure  4.60: Batch experiment equilibration for the biologically regenerated KMI clinoptilolite 

obtained from the PES column. 219 

Figure  7.1: Nitrite standard calibration curve. 227 

  



9 

 

List of Tables 

Table  1.1: Oxidation states of nitrogen [8]. 16 

Table  1.2: Characteristics of Nitrosomonas europea and Nitrobacter Winogradskyi. Obtained 

from  [3] unless mentioned otherwise. 20 

Table  1.3: Cation size and hydration energy [5]. 36 

Table  2.1: : Optimum pH for optimal rate of nitrification. 58 

Table  2.2: Activation energy over temperature range of 10-30 ºC for both ammonia and nitrite 

oxidation [64]. 61 

Table  2.3: Summary of the effects of DO on nitrification. 66 

Table  2.4: Clinoptilolite’s breakthrough capacity. 71 

Table  2.5: List of recent researches of immobilized nitrifying bacteria. 85 

Table  3.1: Batch experiments summary, for both KMI and BIT clinoptilolite. 106 

Table  4.1: Chemical composition of clinoptilolite used in this research and that of Hector 

deposit. 136 

Table  4.2: Composition of Si and Al in KMI and BIT clinoptilolite obtained by EDS analysis.

 138 

Table  4.3: Surface properties and density of KMI and BIT clinoptilolite that used in this work 

(Data was obtained by the Mineral Lab Inc.) 138 

Table  4.4: The uptake data for ammonium ion onto KMI after 9 days contact. 142 

Table  4.5: The uptake data for ammonium ion onto BIT after 9 days contact. 142 

Table  4.6: The uptake data for ammonium ion onto KMI at high concentration. 144 

Table  4.7: The uptake data for ammonium ion onto BIT at high concentration. 144 

Table  4.8: Solid concentration, Qe, of KMI and BIT in DI and tap water. 147 



10 

 

Table  4.9: Uptake capacity of of KMI and BIT in DI and tap water. 148 

Table  4.10: Ammonia percentage removal fo KMI and BIT in DI and tap water. 148 

Table  4.11: Conductivity of DI, RO, and filtered tap water. 149 

Table  4.12: Influence of presence of other cations on the ammonium ion uptake into KMI 

clinoptilolite. 151 

Table  4.13: Ammonium ion uptake onto clinoptilolite in the presence of calcium, magnesium, 

and potassium at different ammonia concentration, Miladinovic and Weatherley [58]. 152 

Table  4.14: Ammonium ion uptake onto clinoptilolite in the presence of calcium, magnesium, 

and potassium at different ammonia concentration, McVeigh and Weatherley [3]. 152 

Table  4.15: Langmuir and Freundlich parameters for KMI clinoptilolite. 156 

Table  4.16: External mass transfer coefficient, kf, for KMI clinoptilolite. If not changed in the 

table C0 = 50 mg N-NH4
+
/l, dp = 0.7-1.0 mm, M = 1.5 g KMI clino, mixing speed = 1200 rpm.

 162 

Table  4.17: External mass transfer coefficient, kf, for New Zealand clinoptilolite, Miladinovic 

and Weatherley [4]. If not changed in the table C0 = 50 mg N-NH4
+
/l, dp = 0.7-1.0 mm, M = 1.5 

g KMI clino, mixing speed = 2000 rpm. 164 

Table  4.18: Internal mass transfer coefficient, kd, for KMI clinoptilolite. If not changed in the 

table C0 = 50 mg N-NH4
+
/l, dp = 0.7-1.0 mm, M = 1.5 g KMI clino, mixing speed = 1200 rpm.

 166 

Table  4.19: Internal mass transfer coefficient, kd, for New Zealand clinoptilolite, Miladinovic and 

Weatherley [4]. If not changed in the table C0 = 50 mg N-NH4
+
/l, dp = 0.7-1.0 mm, M = 1.5 g 

KMI clino, mixing speed = 2000 rpm. 168 



11 

 

Table  4.20: External mass transfer coefficient, kf, for BIT clinoptilolite. If not changed in the 

table C0 = 50 mg N-NH4
+
/l, dp = 0.7-1.0 mm, M = 1.5 g KMI clino, mixing speed = 1200 rpm.

 172 

Table  4.21: Internal mass transfer coefficient, kd, for BIT clinoptilolite. If not changed in the 

table C0 = 50 mg N-NH4
+
/l, dp = 0.7-1.0 mm, M = 1.5 g KMI clino, mixing speed = 1200 rpm.

 174 

Table  4.22: Summary of kinetics studies. 175 

Table  4.23: Overall mass transfer coefficient of silicon tube membrane at 15 and 25 psi. 185 

Table  4.24: Overall mass transfer coefficients of porous membranes at various pressures. 186 

Table  4.25: Breakthrough BV and uptake capacities for Figure  4.38 and Figure  4.39. 192 

Table  4.26: Breakthrough BV and uptake capacities for Figure  4.41. 194 

Table  4.27: The breakthrough BV and the uptake capacities for Figure  4.42. 196 

Table  4.28: The breakthrough BV and the uptake capacities for Figure  4.43. 197 

Table  4.29: The breakthrough BV and the uptake capacities for Figure  4.44. 199 

Table  4.30: The breakthrough BV and the uptake capacities for Figure  4.45. 201 

Table  4.31: The breakthrough BV and the uptake capacities for Figure  4.46. 203 

Table  4.32: The breakthrough BV and the uptake capacities for Figure  4.47. 204 

Table  4.33: The breakthrough BV and the uptake capacities for Figure  4.48. 205 

Table  4.34: The breakthrough BV and the uptake capacities for Figure  4.49. 207 

Table  4.35: The breakthrough BV and the uptake capacities for Figure  4.50. 209 

 

 

 



12 

 

1 Introduction 

1.1 Wastewater treatment and the environment 

Water is what distinguishes earth from other planets and it is essential for man’s, plant, and 

animal life continuation. Due to man’s use and influence, water resources are threatened by 

continuing degradation. Therefore, to protect the water bodies, many water quality regulations 

were enacted in the middle of the 20
th

 century. As an example, the 1948 Water Pollution Control 

Act was originated as the first federal water pollution program [1]. This law was amended 

several times which indicates that water quality became an increasing concern [2]. In 1970, the 

Environmental Protection Agency (EPA) was established as an indicator of the awareness of 

environmental problems including the presence of wastes in water. EPA and other international 

environmental agencies, such as The Council of European Committees, have set standards to 

satisfy the removal of pollutants from wastewater. Among these pollutants, ammonia has 

attracted significant attention and is considered to be a toxic contaminant which is ubiquitous in 

domestic and municipal wastewater. EPA has set an effluent concentration limit of 0.5 mg as N/l 

throughout for all sewage treatment works [3]. The potential future application of many parts of 

the work carried out in this research is expected to be integrated into the wastewater treatment 

process. 

1.1.1 Wastewater treatment plant 

Wastewater treatment is an important engineering task used to fulfill society’s need for clean 

water. Conventionally, the wastewater treatment plant consists of four major steps: preliminary 

treatment, primary treatment, secondary treatment, and tertiary treatment. The preliminary 

treatment is where the raw waste water passes through screens, grit chambers, comminuting 

devices, pre-aeration tanks, equalization tanks, and sedimentation tanks. The primary treatment 
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mainly has the following functions: (1) removal of all settleable suspended organic solids and 

heavy inorganic; (2) removal of excessive amount of oils and greases. Secondary treatment 

depends on biological oxidation to reduce the biological oxygen demand (BOD) by converting 

the organic matter in presence of microbes to CO2 and H2O. The most commonly used methods 

in secondary treatment are the trickle filter system and the activated sludge process. The removal 

percentage of total nitrogen, in secondary treatment, varies from 10-25% [4]. Tertiary treatments 

are introduced for further disinfection and for the removal of remaining pathogens prior to 

discharging the wastewater into receiving water bodies. Figure 1.1 shows the main stages 

discussed above. 

Wastewater Primary Secondary Tertiary Polishing

Physical/

Chemical
Biological

Fine 

filtration Disinfection

 

Figure 1.1: A schematic diagram of a water treatment plant. 

1.2 Ammonia in environment 

Nitrogen is one of the principal nutrients found in wastewater and it can severely damage water 

bodies . Ammonia is the most commonly occurring nitrogenous pollutant in wastewater [4]. The 

chemical form of ammonia in water exists into two forms, the more abundant of which is the 

ionized form, the ammonium ion (NH4
+
), and the less abundant of which is the unionized form, 

the ammonia molecule (NH3). The pH is a critical variable which determines the proportion of 

each form. The equilibrium of these two forms can be represented by the following equations: 
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  (1.1) 

Equation (1.1) can be written in the thermodynamic equilibrium constant, K, as: 

   
(   )( 

 )

(   
 )

 (1.2) 

Where the symbol (…) indicates the activity, a, which has the units of mol/l and, 

      (1.3) 

or in symbolic form, 

 ( )   [ ] (1.4) 

where γ is the activity coefficient, and C or [   ] is the concentration in mol/l. Normally, the 

activity coefficient of water equals to1 if the solution is considered as an ideal solution. 

Accordingly, Equation (1.2) can be rewritten as the following, 

   
[   ][ 

 ]

[   
 ]

 (1.5) 

As Equation (1.4) suggested, the dissociation of ammonia into NH3 or NH4
+
 highly depends on 

both the pH and the temperature of the medium. Figure 1.2 describes the effect of pH and 
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temperature on ammonia/ammonium equilibrium [5]. 

 

Figure 1.2: The effect of pH and temperature on ammonia/ammonium equilibrium [5]. 

The free unionized ammonia is considerably harmful and more toxic than the ionic form [3, 6]. 

Therefore, the equilibrium should be maintained towards the ionic form, i.e. pH<8,  not only for 

safety reason but also for removal by ion exchange  [3]. EPA criterion for fresh water aquatic life 

is 0.02 mg/l of unionized ammonia. 

1.3 The nitrogen cycle 

Nitrogen is an element of high importance as it is one of the building blocks of life in the 

majority of living systems [3]. It is present in DNA, RNA, and proteins [7]. The fundamental 

structure of nitrogen is behind its unique importance. The ground state of electron configuration 

of nitrogen is 1s
2
 2s

2
 2p

3
 and each of the p-orbitals is occupied by one electron (2px

1
 2py

1
 2pz

1
) 
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which allow nitrogen to produce a total of eight oxidation states that varies from -3 to +5 [8] as 

shown in Table 1.1. 

Table 1.1: Oxidation states of nitrogen [8]. 

Nitrogen: 1s
2
 2s

2
 2p

3
 

Valance Compound Formula 

-3 Ammonia NH3 

-1 Hydroxylamine HONH2 

0 Nitrogen gas N2 

+1 Nitroxyl HNO 

+3 Nitrite ion NO2
-
 

+5 Nitrate ion NO3
-
 

 

Atmospheric nitrogen gas, N2, consists 79% of the atmosphere. Although that, it is not available 

to higher plants or animals unless it combines with other compounds of nitrogen fixation [9]. 

Figure 1.3 shows the main four steps in the nitrogen cycle, which are nitrogen fixation, decay, 

nitrification, and denitrification [4]. 
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Figure 1.3: Simplified nitrogen cycle [4]. 

Nitrogen in the atmosphere is fixed by nitrogen fixing microorganisms into organic nitrogen 

which is incorporated into plant tissue (This known as the biological fixation step). When 

proteins enter the food chain, it is returned to soil as organic nitrogen from plant decay or human 

and animal wastes where the microorganisms break down the organic molecules into ammonia 

(Decay step). Then, ammoniacal nitrogen is oxidized to nitrite and nitrate by nitrifying bacteria 

(Nitrification step). In the denitrification step, nitrate is reduced to nitrogen by denitrifying 

bacteria, and nitrogen is returned to atmosphere. Lightning strikes, closer to earth, split water 

atoms into hydrogen (H) and hydroxyl radical (OH
-
)  which is highly reactive and ready to react 

with nitrogen to form nitric acid which is adsorbed by air’s moisture and then precipitated into 

earth (Lightning step) [4]. The nitrification step is discussed in details in section 1.2.1 due to its 

importance to this work. 
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1.3.1 Nitrification 

There are several means to remove ammonia from wastewater. Currently, the biological 

nitrification process is the most economical and common mean used in wastewater treatment 

[10]. Nitrification may defined as the microbiological oxidation of ammoniacal nitrogen to nitrite 

(NO2
-
) by ammonia oxidizing bacteria (AOB) and nitrite to nitrate (NO3

-
) by nitrite oxidizing 

bacteria (NOB)  in presence of oxygen. Two bacterial groups participate in each step of the 

oxidation process, namely Nitrosomonas and Nitrobacter. Equations 1.6 and 1.7 describe the two 

stages of nitrification process. 

    
  

 

 
  

            
→             

          (1.6) 

    
  

 

 
  

           
→           

  (1.7) 

The oxidation of ammonia to nitrite (Equation 1.7) is the rate limiting step and thus this step 

determines the overall kinetics [4]. Based on Equation 1.7 and 1.8, a large amount of dissolved 

oxygen is needed to perform the nitrification reactions (4.27g of O2 per 1.0g of NH4
+
) [5]. 

1.3.2 Nitrifying bacteria 

Many bacterial species have the capability to oxidize inorganic nitrogen to nitrite and nitrate. As 

a matter of fact, as many as 404 bacterial species that could accomplish this type of oxidation 

were reported [11].  The bacterial family of Nitrobacteraceae is composed of two groups which 

are Nitrosomonas, as AOB and Nitrobacter, as NOB [8]. Typically, AOB have a genus name 

begins with “Nitroso-“, and Nitrosomonas is the famous genera of AOB [7] while Nitrobacter is 

the genus of bacteria that is associated with NOB [10]. Other common AOB genera are 
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Nitrosococcus, Nitrosospira, and Nitrosolobus [12]. More specifically, Nitrosomonas europea, 

Nitrosomonas monella, Nitrosococcus sp., Nitrosospira sp., Nitrosocystic sp., and Nitrosogloea 

sp. are able to function as AOB, while Nitrobacter Winogradskyi, Nitrobacter agile, and 

Nitrobacter sp. are considered as NOB [11]. In literature, Nitrosomonas europea and Nitrobacter 

Winogradskyi are suggested to be used in nitrification process rather than other types [3-8]. 

Nitrosomonas europea has a centerline length of from 1.0 to 2.0 µm and a width of 0.8 to 0.9 µm 

[8]. Nitrosomonas europea and Nitrobacter Winogradskyi are shown in Figure 1.4 and 1.5 

respectively. 

 

Figure 1.4: Nitrosomonas europea, Magnification X 32,500[3]. 

 

Figure 1.5: Nitrobacter Winogradskyi, Magnification X 63,000 [3]. 
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Some characteristics of Nitrosomonas europea and Nitrobacter Winogradskyi are provided in 

Table 1.2. 

Table 1.2: Characteristics of Nitrosomonas europea and Nitrobacter Winogradskyi. Obtained 

from  [3] unless mentioned otherwise.  

 Nitrosomonas europea Nitrobacter Winogradskyi 

Cell shape Ovoid to rod-shape Ovoid to rod-shape 

centerline length 1.0 – 1.5 µm 

        1.0 – 2.0 µm [9] 

0.5 – 1.0 µm 

Width 0.8  -  0.9 µm [9] - 

Gram test Negative Negative 

Generation time 8-36 hr 12-59 hr 

DO requirements Strict aerobe Strict aerobe 

 

Nitrifying bacteria are aerobes that have the following characteristics; they are: autotrophs: i.e., 

they fix and reduce inorganic carbon, chemolithotrophs: their nitrogen electron donor is oxidized 

in the cell, and obligate: they use O2 for respiration and as an electron acceptor [11, 13]. 

During nitrification, some of the consumed nitrogen is built up into bacterial protoplasm with an 

empirical cell formulation of C5H7O2N, and the production of the biomass can be written as [4]: 
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      →              

  (1.8) 

where C5H7O2N, the biomass, counts for both Nitrosomonas and Nitrobacter. 

The oxidation reactions of ammonia and nitrite are represented by the following equations [4]: 

 
     

           →              
       

       

(1.9) 

 
      

          
            →        

       
     

(1.10) 

 

In the case of noninhibition behavior, the oxidation reactions are expected to follow the pattern 

indicated in Figure 1.6. This suggests that ammonia concentration should fall with time while the 

concentrations of nitrite and nitrate accumulate until certain level then, nitrite concentration will 

decline and nitrate concentration will continue increasing [4, 14].  
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Figure 1.6: Transformations of nitrogen during noninhibited nitrification, batch experiment[14]. 

 

1.3.3 Nitrifying bacteria kinetics 

As a classical concept, the growth of bacterial culture has several distinguishing phases that are 

characterized by variation of the growth rate [15]. These phases are defined as follows: 

1. Lag phase: after bacteria have been inoculated, growth rate null; 

2. Acceleration phase: growth rate increases;  

3. Exponential phase: bacteria population is increasing at a constant growth rate; 

4. Retardation phase: growth rate decreases; 

5. Stationary phase: reproduction and death rates are equal, growth rate null; 

6. Decline phase: the death rate is greater than the reproduction rate, growth rate negative 

[4, 15]. 

The main phases of bacterial life cycle are represented in Figure 1.7. 
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Figure 1.7: Phases of growth [4]. 

 

Usually, the discussion of bacterial growth starts from the exponential growth equation: 

 
 

 

  

  
 
 (     )

  
   

     

  
 (1.11) 

where:  

X- bacterial mass concentration, g l
-1

 at time t; 

dX/dt- growth rate, g l
-1

 hr
-1

; 

µ- specific growth rate, hr
-1

; 

td- doubling time, hr, the time required for the concentration of organisms to double [16]. 

The rate of ammonia or nitrite utilization is highly dependent on the concentration of these 

substrates in the bulk solution [17]. In 1942, Monod was the first scientist who showed that there 
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is a simple relationship between the specific growth rate and the concentration of limiting food 

substrate as follows [4, 16, 17]: 

   
     

    
 (1.12) 

where: 

µmax- maximum growth rate constant, hr
-1

; 

S- limiting substrate concentration, g l
-1

, 

Ks- half saturation constant, g l
-1

, numerically equal to the substrate concentration at which µ=½ 

µmax as shown in Figure 1.8. 

 

Figure 1.8: Monod description for the bacterial growth [4].  
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Also, Monod introduced the yield constant, Y, a parameter that relates the bacterial growth to the 

utilization of the substrate according to the following equation: 

 
  

  
   

  

  
 (1.13) 

Over a finite period of growth: 

   
                         

                        
                     (1.14) 

Monod’s equation can be used to represent the kinetics of two stages of nitrification; ammonia as 

a growth limiting substrate for Nitrosomonas and nitrite as a growth limiting substrate for 

Nitrobacter [8, 13, 17]. Equation 1.15 represents the substrate removal rate, R, : 

       
 

 

 

    
 (1.15) 

where R has the units of g l
-1

 hr
-1

. It has been found that the Monod equation can adequately 

represent batch and continuous cultures [18]. Substrate also can be referred to in terms of 

oxygen, and Equation 1.15 can be used to describe the oxygen consumed by bacteria.  

1.4 Ion exchange 

Based on origin and structure, ion exchange materials can be divided into different categories: 

mineral ion exchange materials, synthetic inorganic ion exchange materials, ion exchange resins 

(hydrocarbon chains form the 3D matrix), ion exchange coals, and liquid ion exchangers [3, 4, 

19]. 

Most natural ion exchange minerals are crystalline, hydrated, aluminosilicates of alkali and 

alkaline earth cations or anions, having a three dimensional structures formed by AlO4 and SiO4 
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that are connected by sharing oxygen atoms and water molecules [1, 4, 19]. This type of natural 

material is known as zeolite. Clinoptilolite, mordenite, analcite, chabazite, erionite, heulandite, 

and laumonite are the most common types of zeolites [4, 19]. Figure 1.9 shows some of the 

zeolitic structures. 

 

Figure 1.9: different zeolitic structure [5].   

 

Zeolites have been used in many scientific disciplines: organic/inorganic chemistry, 

biochemistry, catalysis, chemical engineering processes, mineralogy, and agriculture. Also, 

zeolites have been used in a wide variety of applications such as separation and recovery of 

normal paraffinic hydrocarbons, catalysis of hydrocarbons, demineralization of feed water to the 
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boiler in power stations, separation of air components, as carriers for catalysts used in the curing 

of plastics rubber, removing CO2 and S compounds from natural gas, removal of atmospheric 

pollutants such as SO2, and more important to this research, for removing ammonium ion, 

NH4+,  from waste water [1, 4, 20, 21]. 

An ion exchange process can be defined as “a process where an insoluble substance removes 

ions of positive or negative charge from an electrolytic solution and releases other ions of like 

charge into solution in a chemically equivalent amount” [22]. Applying this definition to the ion 

exchange materials, we say that: ion exchange materials are insoluble solids that have a charged 

framework and mobile ions which neutralize the charge. When an ion exchange material comes 

into contact with a solution, the mobile ions dissociate in the solution providing there are ions in 

the solution which can replace those in the exchanger so the overall charge is maintained neutral 

[5, 12]. 

The ion exchange material is called a “cationic exchanger” if the framework is negatively 

charged and the “cations” are available for exchange, and the opposite is true for the “anionic 

exchanger” where the framework is positively charged and the ion that available for exchange is 

“anion”. The general reaction for the exchange of ion A and B on a cationic exchange material 

can be represented as follows: 

          
                    
↔       

         (1.16) 

Where R
- 
is an anionic group attached to the ion exchange material, A

+
 is the mobile ion in the 

ion exchange material, and B
+
 is the ion in the solution or the aqueous phase. Also, A

+
 and B

+
 

are known as counter ions. As Equation (1.16) suggested, the ion exchange process is a 

stoichiometric process, i.e., during the ion exchange process, the overall charge in the ion 
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exchange matrix and the aqueous phase must be zero. This is true because the ions removed from 

the aqueous phase are replaced by the mobile ions in the matrix [4, 22]. 

1.4.1 Clinoptilolite: Description 

The ion exchange material used in this research is clinoptilolite. Next, origin, occurrence, and 

description of clinoptilolite are presented to provide an understanding of the ion exchange 

material used throughout this research. 

Clinoptilolite, which means “oblique feather stone” in Greek [23], is the most abundant zeolite of 

natural zeolite [3], and it is a secondary mineral formed  from rocks in lacustrine, fluviatile, and 

marine environments [1, 3]. Water passes downward and laterally through beds of formation at 

depths of 400 to 1200 m and at temperatures 25-50 ºC and pressures 35 to 120 atm, as a result 

clinoptilolite was precipitated [1]; high silica and alkali is solution are necessary conditions for 

this precipitation. The solubility of SiO2 and Al2O3 increases in a basic solution and a pH 8.5 or 

above should be maintained [24]. 

Occurrences of clinoptilolite have been reported subsequently from sedimentary rocks especially 

those rich in silicic vitric material (high silica content and glassy appearance) [1]. Clinoptilolite 

was formed before the consolidation of the sediment to rock. Originally, clinoptilolite was 

described as a material from volcanic basalt rocks in Wyoming, and it has been found in rocks of 

the Jurassic Period in New Mexico [1]. Figure 1.10 gives a glance of the clinoptilolite’s 

occurrence in United States.  
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There are three prerequisites zeolite have to meet to be classified as a clinoptilolite [25]: 

- Si/Al ratio should be greater than four; 

- (Na+K)/(Ca+Mg+Sr+Ba) should be greater than one and 

- Polymorphism should not be manifested. 

To describe a zeolite’s structure, the chemical and physical composition must be specified. The 

molecular formula of clinoptilolite as provided by the KMI company is 

(Na,K,Ca)6(Si,Al)36O72.2H2O, this formula was also reported by Miladinovic 2005. Fe
3+

, Sr
2+

, 

and Ba
2+

 can also be found in natural clinoptilolite. As natural zeolite, clinoptilolite can contain 

large amount of impurities [5]. Based on the test results provided by the companies which 

supplied the zeolite, the clinoptilolite used in this work was 90%-95% pure which is quite high. 

Figure 1.11 shows the crystalline structure of clinoptilolite. 

Figure 1.1: Occurrence of Clinoptilolite in USA [1]. 
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Figure 1.11: Crystalline structure of clinoptilolite [26]. 
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Previous studies of clinoptilolite [26] identified four types of site at which cation exchange may 

take place. These sites are designated M1, M2, M3, and M4. Sodium and calcium are located in 

M1 and M2, with preferences for sodium to be positioned in M1 and calcium in M2. M3 and M4 

occupy potassium and magnesium. M3 has a preference for potassium and M4 for magnesium 

[26]. 

1.4.2 Ion exchange equilibrium 

The exchange of ions A and B in a binary system, which is represented by Equation 1.16, is a 

reversible reaction. Figure 1.12 shows the zeolite  containing initially counter cations A+, and an 

aqueous solution containing B+ cations. When the solution contact the zeolite, a Fickian 

diffusion occurs due to a concentration gradient, and at a later stage equilibrium is achieved [3]. 

 

Figure 1.12: Zeolite initial and equilibrium states [3]. 
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1.4.3 Ion exchange capacity 

An ion exchanger material is a reservoir of exchangeable counter ions.  The counter-ion content 

is one of the most important characteristics of an ion exchanger [19]. Thus, capacity is a major 

parameter, in the ion exchange process, that is used for two purposes: for characterizing ion 

exchange materials and, for use in the process design. Therefore, several definitions appear in the 

literature to reflect these two purposes. The three most common capacity definitions will be 

discussed here. 

Ion exchange capacity, or maximum capacity, is the definition that used to characterize an ion 

exchange material, and can be defined as the number of counter ions per specified amount of ion 

exchanger. The maximum capacity is expressed in milli-equivalents per gram (meq/g). An 

equivalent is an amount of material that will release or react with an Avogadro’s number of 

electrical charges on particles. The amount of substance expressed in units of  equivalents has a 

very small magnitude, so the maximum capacity is rather described in terms of 

“m”lliequivalents"; where the prefix milli is denoting that the measure is divided by 1000.  A 

specimen calculation is provided below: 

The mass concentration of 60 mg/l of Ca
++

 can be converted to milliequivalent by knowing that 

the atomic weight of Ca
++

 ion is 40 g/mol and that calcium is a divalent cation: 

 

       

          
         

 
       

         
         

 

Breakthrough capacity is “the value obtained in column experiments when capacity is calculated 

at the point when the breakthrough of the column starts” [4] normally at 5% exhaustion. 
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Breakthrough capacity is used for the determination of selectivity series and for the design of 

column operations [19]. Sorption capacity is “the amount of solute, taken up by sorption rather 

than by ion exchanger, per specified amount of ion exchanger” [19]. 

Capacity, defined as the amount of ions taken up per g of ion exchanger, is normally determined 

on the basis of dry mass of ion exchanger but zeolites have water molecules incorporated in their 

framework and still hydrated [3, 4]. Capacity highly depends on the Si:Al ratio because the 

charge imbalance is greater if the ion exchanger has more aluminum, and as a result more cations 

are needed to neutralize the negative charge [4]. There are also several factors that capacity 

depends on such as the purity of the material, the ionic form in which the material is present, ion 

exchanger’s particle size, pretreatment of the ion exchanger before use, competing cations 

present in the aqueous phase, and the experimental procedure [4]. 

1.4.4 Ion exchange selectivity 

The selectivity is defined as “a measure of the preference that the ion exchanger has for an ion 

over the others” [5]. It is characterized by the equilibrium constant for charge equilibria 

expression, Equation 1.16. The equilibrium constant for Equation 1.16 is defined thus: 

    
    

(  
    ) ( 

 ) 
 

(    ) 
 (   ) 

 (1.17) 

where, 

(Rn
-
B

n+
)R is the activity of B

n+
 in the ion exchanger; 

(B
n+

)S is the activity of B
n+

 in the solution; 
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(R
-
A

+
)R is the activity of A

+
 in the ion exchanger, 

(A
+
)S is the activity of A

+
 in the solution. 

This equilibrium constant depends on experimental conditions; therefore, it is not actually a 

constant. Rather, it is referred to as a selectivity coefficient [22]. If the solution phase is diluted, 

the activity coefficients can be ignored, and the equilibrium constant become Qs or selectivity 

quotient. The data for ion exchanger removal at equilibrium is normally presented in the form of 

an “isotherm” which represents the relationship of the aqueous phase and the ion exchanger at 

equilibrium [26]. Isotherms are constructed from a number of separate ion exchange equilibria, 

by measuring the ratio of initial concentration to equilibrium concentration of each cation [26]. 

Figure 1.13 shows generalized ion exchange isotherms. 

 

Figure 1.13: Generalized ion exchange isotherms [5]. (a) Binary isotherm, mole fraction; (b) 

other possible isotherms. 

What makes the selectivity quotient, Qs, a useful factor is that it indicates the preference of the 

ion exchanger for one ion relative to another. Selectivity quotient, Qs, can be defined as in 

Equation 1.18: 



35 

 

    
(  
    ) ( 

 ) 

(    ) ( 
  ) 
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 If Qs>1, then the ion B
n+

 is preferred over the ion A
+
 (curve “c” in Figure 1.13(a)); if Qs<1, the 

ion exchanger prefers A
+
 ion over B

n+
 (curve “b” in Figure 1.13(a)); if Qs=1, there is an equal 

preference for each ion (curve “a” in Figure 1.13(a)) [22]. As shown in Figure 1.13(b), not all 

isotherms are simples. Indeed, some isotherms have complex behavior, and in such behavior a 

selectivity cross-over is expected [5, 22]. 

Benefield et al listed the rules that generally explain the affinity of an ion for an ion exchanger: 

1)  Ions of high valence are preferred over ions of low valence (e.g. Fe
3+

>Mg
2+

, Na
+
; PO4

3-

>SO4
2-

, NO3
-
). An increase in the total ionic concentration of the solution yields to a 

decrease in this preference. 

2) For ions of the same valence, the extent of the ion exchange increases with decreasing 

hydrated radius and increasing atomic number (e.g., Ca
2+

>Mg
2+

>Be
2+

; K
+
>Na

+
>Li

+
). 

This is due to the swelling pressure within the ion exchanger; since ions of larger 

hydrated radius increase the swelling pressure. 

3) For a solution with high total ionic concentration the behavior of the ion exchange is 

unpredictable and is often reversed. 

4) In ion exchangers with a high degree of crosslinking, the ions may be too large to 

penetrate into the matrix of the exchanger. 

5) If the lattice forces of the ion exchanger are sufficient to overcome the hydration energy, 

then the cation may enter the ion exchanger lattice [19].  
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Clinoptilolite selectivity behavior has been investigated by many researchers [1, 3-5, 20-24, 27-

29]. Clinoptilolite’s preference for the ions that might be present in wastewater is shown in 

Equation 1.19: 

 

          
                         

      

(1.19) 

 

Table 1.3 shows the ionic radius, hydrated radius, and hydration energy of some important ions 

in wastewater treatment. 

Table 1.3: Cation size and hydration energy [5]. 

 Ionic radius (Å) Hydrated radius (Å) Hydration energy (kJ/g) 

K
+
 1.33 5.30 394 

NH4
+
 1.43 5.35 364 

Na
+
 0.95 7.90 477 

Ca
2+

 0.99 9.60 1717 

Mg
2+

 0.66 10.80 2051 

 

1.4.5 Adsorption 

Adsorption is defined as “the taking up of molecules by the external or internal surface of solids 

or by the surface of liquids”[22], and it is an important process in industrial and pollution control 
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processes. There are differences and similarities when comparing to ion exchange. For 

adsorption to occur, there must be an attractive force between the adsorbate (the substance 

adsorbed or solute) and the adsorbent (the solid phase). The various forces able to cause 

adsorption are usually divided into two classes: physical and chemical, which result in 

physisorption and chemisorption. 

Physisorption: physisorption occurs through dipole/dipole interactions which are commonly 

referred to as Van der Waals or London interactions. These forces are relatively weak and 

thermodynamically reversible. When these forces overcome the kinetic forces of the adsorbate in 

the liquid, physisorption occurs. 

 Chemisorption: the chemical forces associated with covalent bonds which are highly specific, 

i.e., they occur only between certain molecules. Chemical forces are very short range forces and 

the two molecules involved must be close enough to share electrons. They could be reversible or 

irreversible forces. 

In both types, for adsorption to occur, the adsorptive forces (physical or chemical) must be 

strong enough not only to bind the adsorbate to the adsorbent but also to overcome the affinity of 

adsorbate for the solvent and to displace the solvent from the adsorbent surface. Thus, the 

selectivity of adsorption depends on the adsorbate, the adsorbent, and the solvent [5]. In 

wastewater treatment, most adsorption processes are a combination of the physisorption and the 

chemisorption [22]. 

Three distinct steps must take place for adsorption to occur [22]: 

1) The adsorbate molecule must pass through a film of solvent that surrounds the adsorbent 

particle (film diffusion). 
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2) The adsorbate molecule must be transferred to an adsorption site (pore diffusion). 

3) The solute must become attached to the surface of the particle. 

Adsorption is quantified by adsorption isotherms which are mathematical descriptions of the 

relationship between the solid and liquid phase concentrations. More specifically, these 

isotherms relate the liquid phase concentration of adsorbate to the mass of the adsorbate in the 

solid phase. Adsorption isotherms are linear for many adsorption phenomena involving very low 

concentrations but at higher concentrations a non-ideal behavior is generally observed. 

There are many isotherm models but the two most commonly applied are the Langmuir isotherm 

and the Freundlich isotherm. Also, these two models are commonly used to model the adsorption 

of various cations onto zeolite [4]. 

 Langmuir Isotherm: the Langmuir model is written as shown in Equation 1.20. 

    
    
     

              
 

  
 

 

    
 
 

 
 (1.20) 

where: 

- Qe- concentration of adsorbate on the adsorbent (mg/g) at equilibrium, also known as 

adsorptive capacity also known as surface or solid phase concentration, 

- Ce- equilibrium liquid phase concentration of adsorbate (mg/l), 

- K- Langmuir constant (l/mg), 

- b- Langmuir adsorption capacity constant (mg/g) 

The Langmuir isotherm is based on the assumption that all sites have equal affinity for molecules 

of the adsorbate. This is what is known as a homogenous surface. Also, it is assumed that the 
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presence of adsorbed molecules at one site will not affect the adsorption of molecules at adjacent 

site, i.e., the adsorbed layer will be one molecule thick [4, 22]. 

Freundlich Isotherm: The Freundlich isotherm is used when the adsorbent surface is 

heterogeneous, i.e., composed of different classes of adsorption sites. The Freundlich isotherm is 

given by Equation 1.21: 

       
   
                  

 

 
      (1.21) 

where: 

- Qe and Ce- are described above. 

- k and n- are constant that must be evaluated for each solute. 

Note that in the whole work, the expression log refers to log10. All the assumptions that are given 

by these isotherms work well with ion exchange and thus many researchers have used these two 

models to describe the solute equilibrium between the solid and liquid phases involved in ion 

exchange.  

1.4.6 Ion exchange kinetics 

Kinetics is an important aspect that should be understood for process design. Having very high 

kinetics is a desirable demand for ion exchange processes. A high exchange rate requires short 

time to achieve maximum breakthrough capacity which yields to ion exchange improvement and 

better process optimization. Diffusion plays an important role in the ion exchange process. The 

steps that describe the transport of exchanging ions to and from the inter-phase boundary of the 

ion exchanger are as follows: 
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- Transport of the exchanging ions to and from the vicinity of the ion exchanger surface 

(bulk diffusion). 

- Transport of the exchanging ions through the hypothetical film (or boundary layer) at the 

surface of the particle (film diffusion). 

- Pore transport of the exchanging ions to the sites of active exchange (pore diffusion or 

particle diffusion). 

- The actual rate of exchange process; reaction between counterions and fixed groups, 

which are the only chemical interactions that can affect the overall rate of the ion 

exchange. 

In a well stirred batch system, agitation can balance any concentration differences in the bulk 

solution; therefore, the rate limiting step is determined by film diffusion and/or by particle 

diffusion [19]. For the general exchange reaction given by Equation 1.16, n=1, that’s occurring 

in a batch reactor, evaluation of the following relationship will indicate which diffusion process 

controls the rate of exchange: 

   
    [  ] 
    [ ] 

 (1.21) 

where: 

- [RB]R- the final equilibrium concentration of the exchanging ion in the ion exchanger 

(meq/l); 

- [B]S- the final equilibrium concentration of the exchanging ion in the solution (meq/l); 

- Dr- the diffusion constant of the exchanging ion in the ion exchanger (cm
2
/sec); 

- Do- the diffusion constant of the exchanging ion in the ion solution (cm
2
/sec); 
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-  - the thickness of the film (cm) 

- r- the radius of the ion exchanger particle (cm). 

If the value of   is: 

- less than 1, particle diffusion is the rate limiting step; 

- greater than 1, film diffusion is the rate limiting step; 

- near to 1, both steps exert about the same effect [22]. 

The rate of film diffusion can be enhanced by many means such as [19, 22]: 

1) Increasing agitation to reduce the film thickness. 

2) Increasing the concentration of the exchanging ions in the solution. 

3) Decreasing the size of the particle to increase the total surface area. 

4) Increasing the mobility of the ions by increasing the temperature. 

The film diffusion will be a rate limiting step, if any of these factors are missing. 

On the other hand, if particle diffusion is the rate limiting step then the flux is: 

- proportional to the concentration of fixed charges; 

- inversely proportional to particle radius and; 

- independent of: the film thickness, concentration of the exchanging ions in the solution, 

and film diffusion coefficient [4]. 

A number of models have been used to simulate kinetics of mass transfer ion exchange process. 

Here, two models will be discussed briefly, namely the film diffusion model and the particle 

diffusion model. 
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Film diffusion model 

This model was introduced by Furusawa and Smith (1973), and it was applied for an adsorption 

system. Because of the similarities that exist between the ion exchange system and the 

adsorption system, this model is also applicable to ion exchange and it is expected to give a good 

accuracy since it uses parameters from either the Langmuir or Freundlich adsorption isotherms 

[4].  

This model is a result of solving partial differential mass balance equations of exchanging ions in 

the solution and around the particles. The film diffusion model has the following expression 

[30]: 

   [
  
  
 

 

     
]    [
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     ] (1.22) 

                                
 

 
                

   
    

 (1.23) 

where: 

- dp- particle diameter (cm) 

- K- Langmuir constant (l/g) 

- kf- mass transfer coefficient between liquid outer surface of the particle (cm/s) 

- M- mass of ion exchanger (g) 

- ms- concentration of the particle in the free liquid 

- Ss- specific surface area available for mass transfer (cm
-1

) 

- t- time (sec) 
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- V- volume of the particle free liquid (cm
3
) 

- ρ- particle density (g/cm
3
) 

- C0- initial solute concentration (mg/l) 

- Ct- liquid phase concentration at time t (mg/l). 

The mass transfer coefficient, kf, can be determined from the slop of plotting the left side of the 

equation versus time. 

Particle diffusion model 

This model was introduced by McKay et al (1983) and assumes that most of the diffusional 

resistance lies in the solid phase and it is based on the following assumptions: 

- solute concentration is uniform and equal zero in the particle at t=0; 

- diffusion is radial with no concentration variation in the angular direction; 

- the external mass transfer resistance is significant only in the early stages of the process 

and; 

- for ion exchange, D is the intraparticle diffusion coefficient and it is a function of the 

self-diffusion coefficients of the exchanging counter ions [4]. 

The model has the following expression: 

    
 

    
   (1.24) 

where: 

- kd- mass transfer coefficient within the particle (mg/gmin
0.5

); 

- Qt- solid phase concentration at the particle (mg/g); 
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- t- time (min). 

1.4.7 Ion exchange regeneration 

As stated previously, the ion exchange process is a reversible process. In order for an exhausted 

bed to be reused, the bed must be regenerated. Regeneration displaces ions exchanged and 

uptaken during service run and returns the ion exchanger to its initial exchange capacity. 

Regeneration is an expensive process and it might cost about 50% of the total ion exchange 

process [3]. The main types of regeneration are discussed below. 

1.4.7.1     Chemical regeneration 

When the column cycles reach the breakthrough point which is the point where the column is 

unable to accommodate the exchange zone length [19], the bed must be regenerated.  Chemical 

regeneration is when the exhausted bed is treated with NaCl and/or NaOH solutions; also, known 

as alkaline regeneration. 

During the regeneration, the regenerant solution, NaCl for example, is passed through the 

exhausted column so that the sodium ions displace the ammonium ions until the bed becomes 

saturated with sodium ions. 

Usually, the regenerant solution is a mixture of sodium chloride, to provide bulk of Na+, and 

sodium hydroxide, to provide high pH [5]. However, exposing zeolites to NaOH solution could 

cause mass loss [4]; therefore, a small amount of NaOH is usually used. A high pH value is 

required to transform ammonia to the unionized form so that the unionized form will not be held 

by the negatively charged zeolite framework and as a result the regeneration process will be 

enhanced. Clinoptilolite has a higher affinity for NH4
+
 ions over Na

+
 ions; therefore, a high 
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concentration of regenerant ions are required. In the case of high pH regeneration, NH4
+
 ions are 

expected to be removed easily, hence, obviating the need for a high concentration of the 

regenerant solution. 

Economics play an important role in determining the degree of regeneration as the regeneration 

process may not be taken to completion. One way to reduce the cost of regeneration is to reuse 

the regenerant solution after the exhausted ammonium ions has been removed. 

1.4.7.2     Bio-regeneration 

The cost of the chemical regeneration is considerably high. A potential solution to this problem 

is to use the nitrifying bacteria to oxidize ammonia to nitrate. A possible scenario to operate the 

bioregeneration process is to load the nitrifying bacteria to the exhausted bed and a NaHCO3 

solution is passed through the column. While sodium ions displace the ammonium ions, 

nitrifying biomass consumes the released NH4
+
. This approach is known in the literature as in-

situ bioregeneration process.  The other scenario for the bioregeneration setup is the ex-situ 

regeneration where the nitrifying biomass is located in a separated reactor.  

Semmens and Goodrich [31] first studied the regeneration of clinoptilolite loaded with 

ammonium ions. They observed 80% regeneration of 5g saturated clinoptilolite with ammonium 

ions over a period of 1-3 hr by using 1L of nitrifying bacteria at 27 ºC. The factors affecting the 

bioregeneration process are the same factors that affect the nitrification process. Section 2.1 

discusses these factors in detail. 
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1.5 Other methods for ammonia removal 

Besides nitrification and ion exchange process, there are other methods for ammonia removal 

presented in the literature such as ozonation, breakpoint chlorination, and air stripping. 

Ozonation oxidizes ammonia to nitrate by ozone which is a strong oxidizing agent that has been 

used in water treatment for disinfection and decomposition [3]. The rate of converting ammonia 

to nitrate by ozonation is very slow and cannot be expected to remove ammonia effectively [4]. 

Breakpoint chlorination is the chlorination of a water containing ammonia resulting in an initial 

increase in combined chlorine residual, followed by a decrease in the combined chlorine residual 

along with ammonia concentrations, followed by an increase in free chlorine residual and near 

complete removal of ammonia as nitrogen gas [4]. For this process pH control is required. The 

process is effective but free chlorine which is produced during the treatment must be removed 

since it is toxic to aquatic life [6]. 

 Air stripping is a process operated at high pH (10.8 -11.5) [4] where free ammonia is stripped 

out through packed bed column with air or steam [5]. The process is not economic for low 

ammonia concentrations of 25-60 mg NH4
+
/l [4]. 
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1.6 Process intensification 

The term process intensification, PI, started to appear in the scientific literature in the mid of 

1960s as equivalent to process improvement [32] in the metallurgical processing field. Colin 

Ramshaw, one of the pioneers in the field, defined PI as a “reduction in plant size by at least a 

factor 100” [33] thirty five years ago. These days, chemical engineers define process 

intensification as a process by which transport rates are enhanced and every molecule, in the 

process, is given the same processing experience [34]. By such, the ultimate target of PI can be 

achieved, which is the reduction in capital cost. Figure 1.14 shows the main elements of process 

intensification. 

 

Figure 1.14: Process intensification tools [35]. 
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Separations, after reactions, are the most important unit operations within the chemical industry 

[34].  Membrane processes have already provided interesting solutions to some of major 

problems in industry including separation processes. Membrane technology is now competing 

with other separation technology in terms of energy efficiency, separation capacity and 

selectivity, and capital investment [33, 36]. The components of a gas or liquid mixture are 

separated on the basis of their different permeabilities through the membranes. Membrane 

processes have the ability to replace conventional energy-consuming techniques, to efficiently 

enhance the transport of specific components, and to improve the rate of reaction [33]. For those 

reasons, membrane processes meet the requirements of PI. 
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1.7 Research objectives 

The objectives of the research conducted in this work are as follows: 

- To study the kinetics and ammonia removal by KMI and BIT clinoptilolite. KMI and BIT 

clinoptilolite are defined in Section 3.1. 

- To examine the performance of KMI and BIT clinoptilolite in a packed bed column with 

and without the presence of nitrifying bacteria, and to examine the ability of KMI and 

BIT clinoptilolite as solid supports for nitrifying bacteria. 

- To evaluate the oxygen concentration enhancement in the biologically active packed bed 

column using in-situ membrane aeration unit that consists of dense and porous gas 

permeable membranes. The gas permeable membranes are defined in Section 3.2.3. 

To achieve these objectives, the following topics will be studied: 

- Measurement of ammonium ion exchange capacities of KMI and BIT clinoptilolite. 

- Measurement of the impact of K
+
, Ca

++
, and Mg

++
 on ammonium ion exchange 

equilibria. 

- Study the diffusion of ammonium ion through the KMI and BIT clinoptilolite by 

considering the external and internal mass transfer resistances. Evaluation of the uptake 

removal rate constants. 

- Evaluation the performance of the chosen gas permeable membranes in clean water. 

- Determination of the breakthrough behavior of uptake removal of ammonia in packed 

bed columns. 
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- Study the bio-regeneration of the exhaustion clinoptilolite as an option of the chemical 

regeneration. Locate where the nitrifying bacteria might inoculate on the packed bed 

column. 
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2 Literature Review 

2.1 Nitrification 

Nitrification is the microbiological oxidation of ammoniacal nitrogen to nitrite (NO2
-
) by 

Ammonia Oxidizing Bacteria, AOB, Equation 1.6, and nitrite to nitrate (NO3
-
) by Nitrite 

Oxidizing Bacteria, NOB, Equation 1.7, in the presence of oxygen. The first step of nitrification 

process is known as partial nitrification, and this process was recently the focus of much 

research [37-43]. Figure 2.1 shows the difference between full and partial nitrification. It is 

worth mentioning that, Equation 1.6 & 1.7 and Figure 2.1 are approximate representations of the 

nitrification process as it is known that many intermediates are formed during these reactions, 

particularly during the oxidation of ammonia to nitrite. 

 

Figure 2.1: Comparison between full and partial nitrification [39]. 

 

In the past, there was confusion on the usage of the words inhibition and toxicity in nitrification 

literature. Toxicity is explained as permanent damage or change in the metabolic activity 

compared to inhibition which is commonly interpreted as an interference with the general 

metabolism of the cells. Probably the first observation inhibition during nitrification may goes 

back to the  late 1800s when Schloesing and Muntz (1877) carried out their work on inhibiting 

nitrifiers with chloroform during soil percolation experiments. Edwards [44] proposed a growth 
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kinetics model that accounts for inhibition and he reported that a microbial system could be 

affected by one of the following possible types of inhibitory actions: 

- Modify chemical potential of substrates, intermediates, or products. 

- Alter cell’s permeability. 

- Dissociation of one or more enzymes or metabolic aggregates. 

- Influence functional activity of the cell. 

Inhibitors which cause inhibition by interference with the general metabolism of the cell would 

not necessarily cause short term effects while inhibitors that interfere with the primary oxidation 

reactions would cause immediate effects [45] since the oxidation of NH4
+
 and NO2

- 
would stop. 

The AOB growth rate might be inhibited by several factors, such as: ammonia concentration, pH, 

oxygen concentration, temperature, microbial composition of the growing environment, 

chemicals other than ammonia present in the solution, and the surface available for bacteria 

growth. These factors will be discussed here in details. 

2.1.1 Substrate inhibition 

Ammonia oxidizing bacteria (AOB) play a critical role in the global nitrogen cycle and the 

removal of nitrogen from wastewater treatment plants. Nitrosomonas europaea, a model AOB, 

has been found to be a key AOB in terrestrial and freshwater habitats [46]. AOB depends on 

ammonium for nitrogen assimilation and for energy generation. In general, AOB are poor 

competitors for limiting amounts of substrate, i.e., ammonia [47] and therefore; ammonia 

concentration is an important element in the design of biological nitrification processes since  

substrate concentration may inhibit AOB from breaking down ammonia to nitrite. In other words 

it may inhibit the nitrification process. 
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Nitrosomonas europaea uses an enzyme called ammonia monooxygenase (AMO) to oxidize 

ammonia to nitrite as their source of energy for growth and metabolism [48]. Indeed, the 

oxidation of ammonia to nitrite is a two-step process, the oxidation of ammonia to 

hydroxylamine (NH2OH) is catalyzed by AMO while the oxidation of NH2OH to nitrite is 

performed by hydroxylamine oxidoreductase (HAO) enzyme [48]. 

In 1913, L. Michaelis and M. Menten developed a general theory of enzyme action and kinetics. 

The Michaelis-Menten model is described below: 

     
 

    
 (2.1) 

where: 

v: is the velocity of the enzyme reaction; 

vm: is the maximum velocity of the enzyme reaction; 

Km: is the Michaelis-Menten coefficient, 

S: is the substrate concentration. 

This model defines the quantitative relationship between the substrate concentration and the 

reaction rate in relation to maximum possible rate [13]. 

Over a limited low range of substrate concentration, many enzyme conform to Michaelis-Menten 

kinetics but at high substrate concentrations enzymes deviate in that the rate is drops off and the 

maximal rate is not  attained [45]. This phenomenon is named substrate inhibition. 
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Leyden Webb [49] introduced several mechanisms that might be responsible for substrate 

inhibition: 

1. The substrate in the active Enzyme-Substrate (ES) complex forms a multipoint 

attachment to the enzyme, so at high substrate concentration it is possible that two or 

more substrate molecules can be bound simultaneously at the active center which leads to 

in active complexes and a reduction of available enzyme. 

2. The substrate may react with an activator and at high concentration deplete the system of 

the activator so the enzyme becomes inactive. 

3. The substrate may combine at sites in various spatial relationships to the active sites, 

which leads to interference with either the binding of the substrate in an active ES 

complex or interference with its reaction. 

4. At high concentrations, the substrate may interfere with the binding of a co-enzyme or 

acceptor in transfer reactions. 

5. The true substrate for the enzyme may be a complex of the added substrate with an 

activator, so at high concentrations the substrate may compete with this complex for 

binding to the enzyme. 

6. The ionic strength may be increased due to increase of the substrate concentration which 

may modify the rate independently of any direct or specific effects of the substrate.  

It was found that free ammonia, NH3, rather than ammonium ion, NH4
+
, is the substrate for AOB 

[50, 51]. The inhibition behavior in nitrification processes due to substrate (as free ammonia) 

concentration was extensively studied by Anthonisen in 1976 [14]. Since then, literature has 

reflected contradictory conclusions about substrate inhibition effects on nitrification. Numerous 
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studies [52-56] observed inhibitory effects on the nitrification process due to substrate 

concentration, while others [3, 57, 58] did not report any substrate inhibition effects. 

Anthonisen concluded that the free ammonia concentration that inhibits AOB ranges from 10 to 

150 mg/l while that inhibits the Nitrobacter is in the range of 0.1-1.0 mg/l. Bae et al [59] 

supported this observation by reporting that nitrite accumulation occurred at an initial free 

ammonia concentration of around 4.7 mg/l in a batch reactor. Chung et al [60] found that the 

optimum free ammonia concentration for the inhibition of nitrite oxidation without slowing 

down the rate of ammonia oxidation was 5-10 mg/l. Turk et al [61] explained that free ammonia 

concentration in the range of 0.1-10 mg/l inhibited the nitrite oxidation in the beginning but the 

NOB can adapt to a free ammonia concentration as high as 22 mg/l. An an excessively high free 

ammonia concentration level above 10-150 mg/l may lead to ammonia oxidation inhibition. 

Castens et al [62] observed a decrease in nitrification rate  as free ammonia concentration was 

increased. Tora et al [63] found that the AOB inhibition by free ammonia is somewhat increased 

under total inorganic carbon limitation. According to literature [3, 62, 64], the Haldane model is 

suggested to model ammonia removal rates in the case of substrate inhibition, which is 

represented by the following equation: 

 
  

     

     
  

  

 
(2.2) 

where Ki is  the inhibition constant (mg/l) and the other parameters were explained previously. 

By using this model, a reduction in the nitrification rate after the peak is reached is predicted 

because of the high ammonia concentration [4]. 
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On the other hand, substrate inhibition effects were not observed by several researchers even if 

high free ammonia concentrations were used (200 mg/l) such as in the work carried out by Tanka 

et al [57]. Kim et al [64] reported that the free ammonia concentration showed no effect on the 

nitrite accumulation rate. Contreras et al [65] used a free ammonia concentration of 135 mg/l and 

stated that this concentration was not toxic nor inhibitory for the nitrifying bacteria. McVeigh et 

al [3] and Miladinovic et al [58] employed ammonium inlet concentrations in the range of 20-40 

mg/l without any substrate inhibition was reported. Miladinovic summarized that if the initial 

ammonia concentration is not high enough, the nitrification process might be inhibited by the 

retention of NH4+ on the clinoptilolite sites where the nitrifying bacteria cannot reach it. Park et 

al [66] concluded that the effect of free ammonia inhibition becomes insignificant in an acidic 

environment (e.g. pH 6). 

Based on this review, the maximum inlet ammonia concentration, in this work, was chosen to be 

40 mg N-NH4
+
/l with pH of 8 to avoid high free ammonia concentrations, and since no inhibition 

was expected the Monod model was adopted to model bacteria growth. 

2.1.2 pH role in nitrification process 

pH plays a major role in process of nitrification as it has an effect on the enzyme function which 

depends on the maintenance of a special spatial configuration and access to special chemical 

groups that bind the enzyme and the substrate together as well as special groups at which the 

reactions take place [3, 45]. Many ionizable groups exist in the enzyme protein, and the 

ionization of these groups depends on the pH of the environment [14, 45]. Severe changes in pH 

may affect the protein structure of the enzyme and may change the mode of binding of enzyme 

and substrate which eventually slow down the rate of reaction. Another major role that pH plays 
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in nitrification process is that the pH value in the system affects the NH3/NH4
+
 and HNO2/NO2

-
 

equilibrium. 

The narrow range of pH values at which the rate of nitrification is maximum is called the 

optimum range pH range. Generally, the rate of nitrification (or partial nitrification) exhibits a 

plateau over a limited pH range and decreases steadily on both sides of the plateau. Figure 2.2 

show the expected effect of pH on the Nitrosomonas activity 

 

Figure 2.2: Effects of pH upon the activity of Nitrosomonas (reproduced from [67]). 

The pH for optimal rate of nitrification has been reported by many investigators. Table 2.1 shows 

the optimum pH range for optimal rate of nitrification of recent publications. It has been found 

that most of publications, either old or recent publications, agreed with optimum range of pH in 

Figure 2.2. 
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Table 2.1: : Optimum pH for optimal rate of nitrification. 

pH range or value Reference 

7.5-8.5 [68] 

7.5 [69] 

7.85±0.5 [70] 

8 [43] 

7.5 [58] 

 

As Equation 1.6 suggests, the first step in the nitrification process, with Nitrosomonas function, 

is a hydrogen ion producing step. The pH of the reaction medium will be decreased if the 

medium is not well buffered, and there is a general agreement that as pH moves towards the 

acidic range, the rate of nitrification declines as Figure 2.2 showed that. Therefore, the alkalinity 

of the process is an important consideration as it acts as a buffer to maintain the pH levels 

slightly alkaline in order to counteract any addition of acid. 
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2.1.3 Temperature effect on nitrification 

Nitrification is a process driven by mesophilic bacteria. Generally, biochemical reactions are 

dependent on the temperature but the influence of temperature on the nitrification process is 

particularly important because of the slower rate of activity of nitrifiers compared to the 

heterotrophs. For example, Uhl et al [71] mentioned that lower rate of nitrification is observed 

during winter as the ammonia inlet concentration would normally be in the range of 4.2 mg/l 

while this concentration falls down during summer to 0.05 mg/l. The influence of temperature on 

the nitrification process can easily be noticed but the exact influence is difficult to determine 

because of its interaction with mass transfer, chemical equilibria, and growth rate [72]. 

Therefore, usually the effect of temperature is related to the rate of nitrification or consumption 

kinetics. Kim et al [64] studied the effect of temperature on ammonia oxidation rate and nitrite 

oxidation rate in a batch system over the temperature range of 10-30 ºC, and they found that the 

optimum rate of nitrification was at 30 ºC, within that range, as shown in Figure 2.3. 

 

Figure 2.3: Specific ammonium and nitrite oxidation rate at different temperatures [64]. 
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Downing et al [73] found that the ammonium oxidation rate doubled as temperature increased by 

10 ºC over the temperature range of 5-30 ºC. Groeneweg et al [50] obtained similar results since 

they reported that the ammonium consumption kinetics increased by a factor of 3 as the 

temperature increased from 10 to 30 ºC. Wang et al [74] found that the ammonium oxidation rate 

increased by a factor of 4.5 when temperature increased from 12 to 30 ºC. 

Wild et al [75] claimed that the rate of nitrification increase through the range of 5-30 ºC in 

reasonable agreement with the Van’t Hoff-Arrhenius Law which correlate the temperature of the 

reaction to the activation energy. The activation energy of a reaction can be determined 

graphically by taking the natural logarithm of the Arrhenius equation as shown in the following 

equation [76]: 

     
   
  

     (2.3) 

where  

K: the reaction rate constant, s
-1

; 

Ea: the activation energy, kJ/mol; 

R: the universal gas constant, JK
-1

mol
-1

; 

T: temperature, K; 

A: frequency factor for the reaction, s
-1

. 
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Kim et al [64] obtained results on the activation energy for ammonia and nitrite oxidation over 

the temperature range of 10-30 ºC. These agree with the claims of Wild et al [75]. These results 

are presented in Table 2.2. 

Table 2.2: Activation energy over temperature range of 10-30 ºC for both ammonia and nitrite 

oxidation [64]. 

 Temperature (ºC) Ea (kJ/mol) 

Ammonia oxidation 10-20 87.1 

 20-30 38.6 

Nitrite oxidation 10-20 34.2 

 20-30 34.2 

 

Based on these results, the activation energy of ammonia oxidation at the higher temperature 

range (20-30 ºC) dropped almost to half that at the lower range of temperature (10-20 ºC). 

Moreover, this difference in activation energy between the two ranges of temperatures of the 

ammonia oxidation step is strong evidence that the mechanism of ammonia conversion to nitrite 

is a two-step process as indicated previously unlike the NOB which shows the same activity over 

the entire temperature range (10-30 ºC). Guo et al [76] worked at a temperature range of (5-35 

ºC) and they came also to similar results ,to those of Kim et al,  when they reported that the 

energy of activation of ammonia oxidation at the lower temperature range (5-20 ºC) was greater 

by a factor of 2.5 compared to the higher temperature range (20-35 ºC). 
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2.1.4 Oxygen concentration 

AOB and NOB are obligate aerobes, therefore; oxygen is a major requirement for nitrifiers, and 

they are intolerant of low dissolved oxygen concentrations. The importance of oxygen in the 

nitrification process and oxygen limitations are discussed in the next sections. 

2.1.4.1     Role of oxygen in nitrification 

Microorganisms, including AOB and NOB, gain the energy released from oxidation-reduction 

reactions. In terms of chemistry, molecular oxygen (O2) has two unpaired electrons in the  *Y 

antibonding orbital and one in the  *Z antibonding orbital; the σ*Z is empty. These unpaired 

electrons have the same parallel spins so oxygen cannot easily oxidize another molecule by 

accepting a pair of electrons and, thus, oxygen is not reactive with most molecules, except 

radicals [77]. For this reason, the aerobic respiration process of reducing O2 to H2O takes place 

in a series of reactions. The overall net reaction which involve the acceptance of four electrons 

and has the form (O2+4H+4e
-
  2H2O) is central to aerobic respiration. The detailed series 

reactions are shown in Equations 2.4 to 2.7: 

     
 →  

  (          ) (2.4) 

   
        →     (                 ) (2.5) 

       
    →      

   (2.6) 
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          →    (     )  (2.7) 

It is worth mentioning that if the conditions are acidic, the superoxide, O2
-
, can gain a hydrogen 

atom to form a highly reactive hyperoxyl radical, HOO
-
, which has a pKa value of 4.8 [77]. 

In terms of energy capture, electrons removed from the primary electron donor, ammonia, and 

transferred to intracellular electron carriers namely NAD+, nicotinamide-adenin dinucleotide, 

NAPD+, nicotinamide-adenin dinucleotide phosphate, NADH dehydrogenases, and others 

carriers. The carriers transport the electrons to the terminal electron acceptor, oxygen, and the 

energy released can be determined from the overall free energy change of NADH and oxygen 

half reactions as shown in Equation 2.8 to 2.10 [13]: 

        →                           (2.8) 

 
 

 
     

     →                   
          (2.9) 

 Net:       
 

 
    

 →                      
          (2.10) 

The energy is captured by transferring the energy from intermediate electron carriers, adenosine 

triphosphate (ATP) known as a primary example, to energy carrier as in Equation 2.10, and the 

energy released is used to add a phosphate group to adenosine diphosphate, ADP as presented in 

Equation 2.11 [13]: 
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          →             
            (2.11) 

Theoretically six moles of ATP could be formed under aerobic conditions from each mole of 

NADH, yet, only three moles are actually formed as the real reactions capture less than 100 % of 

the standard free energy [13]. 

2.1.4.2     Oxygen limitations 

Of many factors discussed in this work that are known to affect nitrifiers, dissolved oxygen 

concentration is one of the more important. AOB and NOB require a certain minimum (critical) 

level of dissolved oxygen to survive. The required stoichiometric quantities, according to 

Equations 1.6 and 1.7, are 3.43 mg O2/mg NH4
+
-N for conversion to nitrite, and 1.14 mg O2/mg 

NO2
-
-N to be converted to nitrate. That is 4.57 mg O2 needed to oxidize 1.0 mg NH4

+
-N to NO3

-
 

in a complete nitrification process. Several investigators [78-82] have questioned the amount of 

oxygen required, and suggested that less than the stoichiometric amount of oxygen required. 

Buswell et al [79] introduced the first attempt to figure out this discrepancy, and they claimed 

that since oxygen is released from carbon dioxide in the synthesis of cell material, less than the 

stoichiometric quantity of oxygen is required for the oxidation process. Montgomery et al [82] 

attempted to quantify the oxygen production from CO2 reduction based on equation 1.8, and 

they found it equals to 3.23 and 1.12 instead of 3.43 and 1.14 for oxidation of ammonia and 

nitrite, respectively. Adams et al [80] came up with much less value when they reported the 

oxygen requirement as 3.9 mg O2/mg NH4
+
-N instead of 4.57 mg O2/mg NH4

+
-N. Bryant et al 

[81] reported another value which is 4.26 mg O2/mg NH4
+
-N. 
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It appears to be generally accepted that the nitrification rate increase with increasing 

concentration of dissolved oxygen up to a certain level, above which further increase in oxygen 

concentration have little or no effect (maximum). In literature, the observed nitrification rate-

limiting dissolved oxygen concentration varies widely (minimum) as is now discussed. 

The reported values of dissolved oxygen, DO, that have been applied in the nitrification process, 

in literature, vary from 0.05 mg O2/l [83] to 60 mg O2/l [84]. Abeliovich [83] reported that 

nitrification was observed for a certain time at dissolved oxygen concentration of 0.05 mg/l. In a 

sequencing batch reactor (SBR), Guo et al [76] carried out their work under low dissolved 

oxygen concentration (0.4-0.8) mg O2/l, and they conclude that low dissolved oxygen did not 

produce sludge. Therefore, Yusof et al [68] stated that complete nitrification at higher loading 

rate was achieved by maintaining dissolved oxygen in the range of 2.0 to 5.0  mg O2/l, and the 

minimum dissolved oxygen must be maintain at 2.0 mg O2/l. The NH4
+
-N removal efficiency, in 

their work, was 99%. Aslan et al [69] used a fluidized bed reactor, and the dissolved oxygen was 

varied from 1.5 to 2.5 mg O2/l at the top of the reactor and 4 to 6 mg O2/l in the recycling tank of 

the nitrification column. Under these conditions, their reactor achieved NH4
+
-N removal 

efficiency of 90%. Stenstrom and Poduska [85] cited five references that observed inhibitory 

effect on nitrification process when dissolved oxygen was in the range of 0.2 to 0.7 mg O2/l. This 

finding supported by Knowles et al [86] when they stated that nitrification ceased entirely below 

0.2 mg O2/l. On other hand, the effect of high dissolved oxygen concentration was studied by 

Haug and McCarty [84], and they found no inhibition at dissolved oxygen up to 60 mg O2/l. A 

summary of recent researches of the dissolved oxygen effects on nitrification process is 

presented in Table 2.3. 
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Table 2.3: Summary of the effects of DO on nitrification. 

Dissolved Oxygen 

Parameter 

Reactor 

Type 

Conditions and 

Remarks 

Reference 

DO, mg/l Ko(DO), mg/l kLa, hr
-1

    

7.5 0.2 2.77 SBR DO at saturation 

T=30 ºC, pH=7.5-8.0 

Culture is a sludge 

from WWTP 

[87] 

3.0 48.3±4.2  Continuous 

flow reactor 

T=23ºC, 45% NH4
+
-N 

removal 

[88] 

0.4-0.8   SBR Seeding sludge, 

pH=7.0-7.8, no sludge 

was produced 

[76] 

0.3-1.2   Aerated 

pond 

Nitrification inhibited,  [89] 

2.5-3.0 0.65 for 

Nitrosomonas, 

0.23 for 

Nitrobacter 

 Batch reactor Seeding sludge, 

T=20 ºC, pH=7.2, Ko 

is an average value 

[90] 
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Table 2.3: Summary of the effects of DO on nitrification continued 

Dissolved Oxygen 

Parameter 

Reactor 

Type 

Conditions and 

Remarks 

Reference 

DO, mg/l Ko(DO), mg/l kLa, hr
-1

    

2.0-5.0   Activated 

sludge 

system 

Seeding sludge from 

landfill, pH=7.5, 99% 

NH4
+
-N removal 

 

9.5     [3] 

 

Satnkewich [91] studied the effect of dissolved oxygen on the growth rate of nitrifiers, and 

postulated  a relationship between growth rate and the dissolved oxygen based on  Monod-type 

model as shown in Figure 2.4.  
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Figure 2.4: Effect of dissolved oxygen on the growth rate of nitrifiers [91]. 
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2.2 Ion Exchange 

2.2.1 Removal of ammonia by ion exchange 

Removal of ammonia by ion exchange has received a great attention since the Clean Air Act and 

the Clean Water Act were passed in the 1970s [58], since then, natural zeolites such as 

clinoptilolite have been widely used as materials with a great affinity for ammonium ions [26]. A 

review of the literature indicates a significant amount of recent research has been focused on 

using clinoptilolite in wastewater treatment [92-107]. The majority of the research on using 

clinoptilolite for NH4
+
 removal has been on municipal wastewater [92, 94, 96-98, 101, 102, 106, 

107], although some [99, 100] has investigated its use to treat landfill leachates or for sorption of 

contaminants in the ground water [102]. Most of these studies have used the same principle idea 

of experimental setups which consist of a clinoptilolite column through which is fed the 

wastewater to be treated until a specified NH4
+
 breakthrough value is reached the effluent end. 

Then, the ion exchange material is regenerated to restore its capacity and reused in the column 

for another cycle. Although, the experimental setups were similar, in principle, different 

parameters were reported under varying conditions. In the next sections, these parameters are 

discussed. 

2.2.2 Clinoptilolite’s capacity 

Reported data for the capacity clinoptilolite’s in the literature are varied. These variations lead us 

to the factors that affect the clinoptilolite’s capacity. Klieve and Semmens [108] claimed that 

these variations are due to the different measurement techniques employed. Hedstrom and 

Amofah [97] discussed, in column experiment, the factors affecting the clinoptilolite’s capacity 

such as influent ammonium concentration, retention time, clinoptilolite particle size, type of 
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solution (ammonium solutions or wastewater), pretreatment of clinoptilolite, and design of 

column (height, diameter, etc.). These workers varied some of these factors, and they obtained 

different clinoptilolite’s capacities. Their work is an example why different researchers reported 

different clinoptilolite’s capacities.  Table 2.4 shows a list of clinoptilolite’s capacity data 

reported in recent literature. The source of the clinoptilolite is also a major factor, and even 

within the same source there may be batch to batch variation. 
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Table 2.4: Clinoptilolite’s breakthrough capacity. 

Breakthrough capacity, 

meq NH4
+
-N/g 

Inlet concentration, 

mg NH4
+
/l 

Remarks and 

conditions 

Reference 

1.76 40 pH=7.8, pretreated 

with NaCl, bed 

height=25 cm, 

BV=0.49L, 9.8BV/hr,  

[3] 

1.61 50 3BV/hr, pretreated 

with NaCl, T=20 ºC, 

BV=0.454L, upflow 

[109] 

0.76 20 2BV/hr, pretreated 

with NaCl, 

BV=0.141L, upflow 

[58] 

0.19 20 Particle size 4-8 mm, 

feed is wastewater, 

bed height=20cm, 

pH=7.0-7.5, 3BV/hr 

[97] 
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Table 2.4: Clinoptilolite’s breakthrough capacity continued  

Breakthrough capacity, 

meq NH4
+
-N/g 

Inlet concentration, 

mg NH4
+
/l 

Remarks and 

conditions 

Reference 

0.69 40 Particle size 

0.853mm, downflow, 

12BV/hr, column 

height=1m, T=29±2ºC 

[103] 

0.72 40 Particle size 

0.422mm, conditions 

are same as in [103] 

[103] 

0.88 (max. capacity) 250 Batch study, particle 

size 0.2-1 mm, 

pretreated with 2M 

NaCl at 25 ºC 

[106] 

1.31 (max. capacity) 250 Same conditions in 

[106] except that 

clinoptilolite was 

treated with 2M NaCl 

at 90 ºC for 7 hr in 

thermostat 

[106] 
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Table 2.4 shows not only the differences in the obtained values of the breakthrough capacity, in 

column experiments, and maximum capacity, in batch experiments, but also how the conditions 

and factors vary for each experiment. 

The capacity changes due to variations in the influent concentrations have been reported in 

literature. For example, Mclaren et al [110] reported that as the influent concentration increased 

from 14 to 70 mg NH4
+
-N/l, the capacity of clinoptilolite increased from 0.47 to 0.95 meq NH4

+
-

N/g respectively. Vassileva and Voikov [106] in their work studied the dependence of the 

capacity on the ammonium initial concentration, in a batch system, and they concluded that an 

increase in ammonium adsorption with increasing of the initial concentration was observed as 

shown in Figure 2.5. 
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Figure 2.5: Dependence of the clinoptilolite’s capacity on the initial ammonium concentration 

for different clinoptilolite pretreatments [106]. CL indicates for that clinoptilolite was natural and 

untreated, CL_Na means that clinoptilolite was treated in 2M NaCl at 25ºC, CL_Na(t) indicates 

that  clinoptilolite was treated in 2M NaCl at 90 ºC for 7 hr [106]. Note That Qe is the 

clinoptilolite’s capacity in mg/g and not in meq/g, to do the conversion divide the Qe in mg/g by 

molecular weight of nitrogen which is 14. 

Figure 2.4 also shows the effects of pretreatment on clinoptilolite’s capacity. If clinoptilolite is 

heated or chemically treated before being put in service, it is considered pretreated. Semmens 

and Martin [111] were among the earliest researchers who examined the relationship between the 

pretreatment and the clinoptilolite capacity, and they concluded that clinoptilolite’s capacity and 

selectivity depends on the manner in which the clinoptilolite is pretreated. The aim of 
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pretreatment is to remove ions that are located on the structure of the material and relocates more 

easily removable ones, prior to any use. Based on the evaluation of clinoptilolite’s behavior, it is 

desirable to let clinoptilolite have a single cation for exchange, into what is called the homoionic 

form [111]. However,  it well known that it is very difficult to obtain clinoptilolite in a single 

ionic form [111], but a near homoionic state of clinoptilolite is possible [112]. For a chemical 

pretreatment, sodium chloride, NaCl, is commonly used as a pretreatment agent. Heat treatment 

has been found to significantly increase clinoptilolite ammonium exchange capacity as suggested 

by Vassileva and Voikov [106]. As shown in Table 2.4, Vassileva and Voikov reported a 49% 

increase in clinoptilolite capacity when clinoptilolite’s was pretreated at 90 ºC instead of 25 ºC. 

Another factor that might affect the clinoptilolite’s capacity is the particle size. The smaller 

particle size has greater surface area available for ion exchange; hence, higher capacity is 

expected [113]. Rahmani et al [103] showed that the reduction in particle size from 0.853 to 

0.422 mm increased the clinoptilolite’s capacity from 0.69 to 0.72 meq NH4
+
-N/g clinoptilolite, 

respectively, as presented in Table 2.4. Much better results were obtained by Nguyen and Tanner 

[114] as they increased the breakthrough capacity 2 to 4 times by reducing the particle size of 

clinoptilolite from 2.83 to 2.00 mm. Hedstrom and Amofah [97] used relatively large particle 

size, 4-8 mm, and the clinoptilolite’s capacity they observed was very low, with a reported value 

of 0.19 meq NH4
+
-N/g clinoptilolite.  

pH, also, plays a role in clinoptilolite’s capacity. As the pH of the aqueous solution controls the 

ammonia-ammonium equilibrium, it also controls the adsorption process. The optimum pH range 

for adsorption is between 4 and 8. Vassileva and Voikov [106] investigated the removal of NH4
+
-

N ions by clinoptilolite at pH values from 2.5 to 9.0, and found that the maximum removal was 

obtained at pH=6 as shown in Figure 2.6. 
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Figure 2.6: Removal efficiency of ammonium ion at different pH values [106]; CL, Cl_Na, 

CL_Na(t) were explained as in the case of Figure 2.4. The initial ammonium ion was 175 mg/l, 

and clinoptilolite used was added in an amount of 10 g clinoptilolite/l. 

In Figure 2.5, the removal efficiency increases with increasing pH from 2.5 until maximum 

removal efficiency is reached at pH=6, then removal efficiency decreases as pH increased. The 

optimum pH range that suggested by Figure 2.5 is between 5 and 8. Because the of the high 

selectivity of clinoptilolite for  H
+
, H

+
 ions compete with NH4

+
 ions at low pH values [115] 

which results in low removal efficiency. Vassileva and Voikov [106] gave two explanations for 

the drop in NH4
+ 

removal efficiency after pH=7: 

1)  Partial dissolution of the clinoptilolite might occur. 

2) Possible conversion of NH4
+
 into NH3. 



77 

 

2.2.3 Clinoptilolite packed bed column 

The batch process is important to the extent that the kinetic and thermodynamic parameters can 

be estimated for an adsorption reaction. These data cannot be applied for a continuous adsorption 

system. Therefore; ion exchange operations, whether in laboratory scale or in plant scale, are 

mostly carried out in columns [19]. Solution to be treated is passed through these columns until a 

specified NH4
+
 breakthrough value is reached in the effluent. 

In order to predict the performance of a packed bed column, the equilibrium isotherm which 

relates the liquid phase concentration of adsorbate to the mass of the adsorbate in the solid phase, 

and the mechanism governing the rate of adsorption of the adsorbate onto the adsorbent are 

required. The equilibrium isotherms were discussed in section 1.4.5, and the rate limiting 

mechanism was discussed in section 1.4.6. The models governing the rate of adsorption of 

ammonium ion onto clinoptilolite will be discussed in the following section. 

2.2.3.1     Uptake models 

When a small volume of ammonium ion solution is passed through a clinoptilolite column in the 

sodium form, the ammonium ion will entirely replace the sodium ions in the bottom part of the 

column, in case of an upflow system. Above that part, a small part exists in which the 

ammonium ions have only partially replaced the sodium ions. Above this part of the column 

none of the sodium ions will have been replaced by ammonium ions. Hence, a mass transfer zone 

(MTZ) is established. As the ammonium solution is continuously fed to the column, the mass 

transfer zone travels through the bed until it eventually reaches the column outlet, and this is 

known as breakthrough point, as shown in Figure 2.7. 
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Figure 2.7: Mass transfer zone, exchanging zone, moving through a packed bed [109]. A
+
 is 

equivalent for the sodium form and B
+
 for ammonium ion. 

The distribution of the ammonium ion concentration in the column can be represented by a 

breakthrough curve, also called S-shaped curve. A breakthrough curve describes the movement 

of the mass transfer zone through a packed bed. An example of a breakthrough curve is 

illustrated in Figure 2.8. 
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Figure 2.8: Breakthrough curves [5]. 

The fact that the breakthrough curves are S-shaped is evidence that there is a mass transfer 

resistance. There are several factors that might affect this mass transfer resistance, or in other 

word affect the sharpness of the S-shaped. Some of these are experimental or designed factors, 

while others are depends on the clinoptilolite’s properties. These factors are listed below [3]: 

- Packed bed volume 

- Clinoptilolite particle size 

- Clinoptilolite’s capacity 

- Clinoptilolite’s selectivity 

- Influent concentration 

- Influent flowrate 

- Temperature [22] 

- Degree of clinoptilolite crosslinking [22] 
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A sharp MTZ indicates that most of the bed is utilized. Therefore, it is preferable to have a sharp 

MTZ. McVeigh and Weatherley [3], and Nguyen and Tanner [114] have found that a narrow 

MTZ can be achieved and more water can be treated if small particles and low flowrate were 

used.  

The MTZ can be sharp and narrow or wide and spread out, changing as it moves through the bed 

depending on the clinoptilolite’s selectivity [5]. If the clinoptilolite prefers ammonium ions, the 

MTZ will sharpen, and widen if prefers sodium ions over NH4
+
. 

Thomas, Bohart-Adams, and bed depth-service time (BDST)s model are the models that are 

widely used in the literature to predict the breakthrough curves and to analyze the data obtained 

from an ion exchange column. Next, these uptake models are introduced. 

Thomas Model 

The adsorption rate may be controlled by more than one mechanism, but then, the solution for 

the adsorption rate becomes complicated. Thomas [116] assumed only one limiting mechanism 

which is the surface kinetics, and he used the Langmuir kinetics of adsorption-desorption to 

derive his model such that the rate driving force obeys second order reversible kinetics. The 

model equation is represented by Equation 2.12: 

 

  
  
 

 

     (
      
        )

 
(2.12) 

where: 

- Ct- concentration of ammonium ion in the effluent, mg/l, 
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- C0- concentration of ammonium ion in the influent, mg/l, 

- kTH- Thomas rate constant, ml/min/mg, 

- q0- the equilibrium uptake capacity, mg/g, 

- x- mass of the clinoptilolite in the column, g, 

- v- the flowrate, ml/min 

- t- time, min. t=Veff/v, where Veff is the effluent volume in ml. 

Bohart-Adams Model 

This model was originally developed by Bohart and Adams [117] to describe the adsorption of 

chloride on charcoal, but it  is widely used in literature for the quantitative description for other 

systems [118]. This model assumed that the adsorption rate is proportional to both the residual 

adsorbent and the concentration of the adsorbate [119]. The Bohart-Adams model is given by 

Equation 2.13: 

 
  
  
    (             

 

 
) (2.13) 

where: 

- Ct, C0, and t are the same as described in Thomas model, 

- kAB- is the kinetic constant, L/mg/min, 

- NAB- is the saturation concentration, mg/l, 

- Z- is the bed depth of the column, 

- F- is the linear flow rate calculated by dividing the flow rate by the column cross-

sectional area, cm/min. 
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BDST Model 

This model developed by Hutchins [120] assumes, in its simple form, that the intraparticle mass 

transfer resistance and external film resistance are negligible, which means that the adsorbate is 

adsorbed on the surface of the adsorbent. This model is based physically measuring the capacity 

of the column at different breakthrough values. Equation 2.14 represents the BDST model. 

    (
    
   

)  
 

     
  (
  
  
  ) (2.14) 

where: 

- C0, Z, and v are the same as described in Thomas model, 

- tb- is the time at breakthrough point, min, 

- NBD- is the adsorption capacity, mg/cm3, 

- kBD- is the rate constant of the adsorption reaction, L/mg/min, 

- Cb- is the concentration at the breakthrough point, mg/l. 

 

2.3 Immobilization 

Immobilization is a process by which an enzyme or whole cell is confined so that it may function 

as a biocatalytic converter for an extended period of time [121]. Methods of restraining 

biocatalyst are called immobilization techniques. These techniques vary widely  but the 

fundamental aspect of each is the restriction of an enzymatic system or cell population within a 

defined boundary for a certain purpose [8]. 
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Applying microbial immobilization to a biological waste treatment system is expected to give the 

following advantages [121]: 

- Retention of biomass 

- Manipulation of growth rate independent of washout 

- Phase separation of cell mass 

- High cell concentration within the reactor 

- Possible protection from inhibitory compounds 

When the microbial population is confined to a distinct phase, it is far more controlled than when 

dispersed in the liquid phase. Immobilization allows for high cell concentrations of slow growing 

cell in reactors of high flow [121].  

The immobilization of viable cells is subjected to the following factors [121]: 

- Cell physiology 

- Immobilization method 

- Mass transfer 

Among these factors, the immobilization method is the most important factor to determine cell 

viability. For example, some methods used chemical reagents to crosslink matrices or to link 

cells. These compounds may affect the cell surface or may lead to complete loss of viability 

[121]. Cell physiology can be described as the relationship between the cell’s metabolic capacity 

and its environment [9]. The long range viability of an immobilized cell mass is predicted on 

mass transfer limitations. As an example, if the substrate is not available for the bacteria, it will 

eventually die. So, mass transfer, especially of weakly soluble substrate such as oxygen, is 

important in terms of affecting the cell viability. 
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There are four methods of biomass immobilization as shown in Figure 2.9. These are [122]: 

- Entrapment: physical entrapment in a physical matrix. 

- Adsorption: attachment or adsorption to a pre-formed carrier. 

- Self-aggregation: cells being aggregated by flocculation or crosslinking agents. 

- Cells contained behind a barrier: such as membrane, this allows substrate to pass. 

 

Figure 2.9: Basic methods of cell immobilization [122]. 

 

There are four criteria that must be met for an immobilization method to be considered feasible. 

It must be safe, simple, economical, and produce an active matrix [8]. 
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The immobilization of nitrifying bacteria has been studied in numerous studies. Table 2.5 lists 

studies that deal with nitrifiers, AOB and/or NOB. 

 

Table 2.5: List of recent researches of immobilized nitrifying bacteria. 

Nitrifiers Method of immob. Carrier/Remarks Reference 

mixed Entrapment Na-alginate [123] 

mixed Adsorption Wood [124] 

mixed Entrapment Polyurethane gel [125] 

mixed Entrapment Polyvinyl alcohol and 

Na-alginate 

[126] 

mixed Entrapment Na-alginate [43] 

mixed Adsorption Elastic plastic filler [127] 

mixed Encapsulation (cells 

behind a barrier) 

Polyethylene glycol 

pellets 

[127] 

AOB Entrapment Ca-alginate [128] 

mixed Entrapment Urethane gel porous 

pellets  

[129] 

mixed Entrapment Ba-alginate and 

clinoptilolite 

[9] 
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Table 2.5: List of recent researches of immobilized nitrifying bacteria continued 

Nitrifiers Method of immob. Carrier/Remarks Reference 

mixed Adsorption Clinoptilolite [3] 

mixed Adsorption Clinoptilolite/mordenite [58] 

AOB Entrapment PVA-SbQ gel [130] 

 

Although most researchers have used the entrapment method, few found that the adsorption 

method was more effective. Only three studies used both nitrifying bacteria and clinoptilolite as 

a combination method for ammonia removal. Two of these used the adsorption method to 

immobilize nitrifying bacteria on clinoptilolite. Moreover, Miladinovic and Weatherley [4], one 

of the two studies that used the adsorption method, stated that the entrapment method was 

ineffective. 

In Table 2.5, most researchers used mixed, AOB and NOB, nitrifiers. All the researchers in 

Table 2.5 obtained the mixed culture from waste treatment plants. Ginkel et al [128], Tramper et 

al [131], and Uemoto [130] used only an AOB, or more specifically Nitrosomonas europaea, as 

a nitrifier in their immobilization studies. Ginkel et al and Tramper et al obtained the 

Nitrosomonas europaea (ATCC 19718) they used from American Type Culture Collection 

(ATCC), USA, while Uemoto et al obtained it (IFO-14298) from Institute for Fermentation 

(IFO), Japan. The reason behind using pure strain, and not mixed, was that a better defined, 

controllable, and thus more suitable system for fundamental studies can be obtained using pure 

strain of nitrifying bacteria.  
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Manju et al [124] immobilized nitrifying bacteria on wood particles as the biomass support. 

Among the factors they studied, they examined the effect of particle size of the carrier on the 

nitrification rate. The particle size they used ranged as: 0.5-0.71 mm, 0.71-2.00 mm, 2.5-3.00 

mm, and 0.30-1.50 mm. They found that the particle size 0.30-1.50 mm showed better 

performance in removing total ammonium nitrogen. 

2.4 Membranes applications in bioprocesses 

In 1831, over 180 years ago, J.K Mitchel conducted several experiments on how fast gases 

permeate through membranes and he found that CO2 permeated faster than H2 through natural 

rubber membrane. He concluded that different gases permeate through membrane at different 

rates [132]. Later, in 1866, S.T. Graham utilized the fact that gases have different permeability 

through membranes to separate a gas mixture when he showed that the oxygen concentration in 

air could be increased through natural rubber membranes [132].  

Despite these early discoveries, economical and industrial utilization of membranes as a gas 

separator only came after 100 years when the development of “asymmetric” and “composite” 

membrane was achieved in the 1950s. 

A “Bioprocess” can be defined as “any process that uses complete living cells or their 

components (for example, bacteria, enzymes, chloroplasts) to obtain desired products” 

(Wikipedia). There are different applications of membranes in bioprocesses.  

One of these applications of membranes that have been used in bioprocesses is in bioseparation 

processes, i.e., the membranes are applied to separate living solutes. These processes are 

classified based on the membrane’s pore size. For example, ultrafiltration membranes have pore 
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sizes between 1 and 20 nm, microfiltration membranes have pore size between 0.05 and 10 µm, 

and virus filtration have pore size between 20 and 70 nm (also known as nanofiltration) [133]. 

Another application of membranes in bioprocesses that is related to this work is the use of 

membranes in gas separation. 

The first membrane aeration study was conducted by Schaffer et al. in 1960 [134]. They 

examined polyethylene, ethyl cellulose, and polyethylene membrane as oxygenation tools in 

sewage treatment [135]. 

2.5 Transport phenomena in biologically active ion exchange column 

2.5.1 Ion exchange mass transfer 

The dynamic mathematical model for the exchange of ammonium ion in a fixed bed column can 

be obtained by means of mass balance equations applied to an element of volume of the column 

in both liquid and solid phase. For a binary ion exchange system, including NH4
+
 and Na

+
, the 

unsteady state mass balance equation is as follows [136-140]: 

 
   
  
   

   
  
   

 

 

   
  
   

    
   

   (2.15) 

where: 

- Ci- the concentration of species i in the liquid phase, mg/l; 

- Qi- the concentration of species i in the clinoptilolite, mg/g; 

- ρL- is the bed density, g/L; 

- u0- is the interstitial velocity of the liquid phase, cm/min; 

- DL- is the axial dispersion coefficient, cm
2
/min; 
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-  ε- is the column voidage; 

- t- time, min; 

- z- is the space coordinate, cm. 

Silva et al [139] used this model, Equation 2.15, to represent the biosorption of copper in fixed 

bed columns  using the biomass of brown alga as a biosorbent. Later, Barros et al [140] adapted 

this model to express the dynamic removal of Cr
3+

 in a packed bed column with NaX zeolite. 

Gazola et al [136] cofirmed Barros’ work. In 2011, Ostroski et al [138] studied the mass transfer 

mechanism of ion exchange in fixed bed columns using the same model. Many assumptions have 

been made to obtain this model. These are: 

- isothermal and isobaric process; 

- constant column void fraction; 

- constant physical properties; 

- negligible radial dispersion. 

Back to Equation 2.15, the first and third term represents the concentration change with time, and 

accumulation of species i in the liquid phase and in the clinoptilolite, respectively. The second 

term reflects the mass transfer of species i in the liquid phase due to convection. The fourth term 

represents the mass transfer of species i due to diffusion, which is equal to the sum of all terms in 

Equation 2.15. This fact simply demonstrates that the ion exchange process is a diffusional 

controlled phenomenon. 

There are three mass transfer resistances in the ion exchange process. Usually, researchers 

studied the external liquid film and/or the intraparticle diffusion as rate controlling steps.  

Ion exchange process occurs in three steps as shown in Figure 2.10: 
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i- diffusion of ions from the bulk phase through the liquid film; 

ii- diffusion of ions into the micropores of clinoptilolite; 

iii- ion exchange at the fixed site. 

 

Figure 2.10: Ion exchange process steps. Adapted from Silva et al [139]. 

Usually the mass transfer rates in the external liquid film for NH4
+
 and Na

+
 are represented by 

Equation 2.16 and 2.17, respectively: 

 
      

  
 
       

  
(           

 ) (2.16) 
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 (2.17) 

where: 

- KFNH4+- is the overall liquid film external mass transfer coefficient, min
-1

; 

-      
 - is the concentration of NH4

+
 in the liquid phase at equilibrium, mg/l. 

The mass transfer rates inside the clinoptilolite particle for NH4
+
 and Na

+
 are represented by 

Equations 2.18 and 2.19, respectively: 

 
      

  
       (     

       ) 
(2.18) 

 
     

  
  

      

  
 (2.19) 

where: 

-       - is the mass transfer coefficient in clinoptilolite, min
-1

; 

-      
 - is the concentration of NH4

+
 in clinoptilolite at equilibrium, meq/g. 

The relationship between Ci* and Qi* can be obtained using Equation 1.17. 

Initial Conditions 

The initial average concentrations in the liquid phase of NH4
+
 and Na

+
 are expressed in 

Equations (2.20) and (2.21) respectively: 
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      (   )    (2.20) 

     (   )    (2.21) 

The initial concentration in the solid phase of NH4
+
 and Na

+
 are: 

      (   )    (2.22) 

     (   )      (2.23) 

where CEC is the cation exchange capacity of ammonium ion in clinoptilolite. 

Boundary Conditions 

The boundary conditions for NH4
+
 and Na

+
 ion are: 

   
   
  
   (  (   )     )              (2.24) 

 
   
  
               (2.25) 

where Ci0 is the feed concentration of species i in the liquid phase in mg/l. 

Intraparticle Resistance Model 

In this model, the intraparticle resistance is the rate controlling step, and Ci ≈ Ci* (i.e. 

equilibrium at the interface). Equations 1.17, 2.15, 2.18-2.25 are applied. 
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Film and Intraparticle Resistances Model 

In this model, both the external film resistance and the intraparticle resistance are considered as 

rate limiting steps. In this case, Equations 1.17 and 2.15-2.25 are applied. 

In Equations 2.15 to 2.25, some parameters are experimentally determined such as  ρL, ε, and u0, 

while others such as KFi and DL can be estimated from empirical correlations. 

The axial dispersion coefficient, DL, can be estimated using the correlation that is given by 

Ruthven [141]: 

 
  
    

 
  

    
 
 

 
 
  

 
(
  
    

)  
 

 
 (2.26) 

where: 

- dp- is the particle diameter, cm; 

- Dm- is the molecular diffusion of species in water, cm
2
/min; 

- Re- Reynolds number; 

- Sc- Schmidt number; 

Re and Sc numbers are defined as follows: 

    
    

  
 (2.27) 

    
  
  

 (2.28) 

where νs is the kinematic viscosity, cm
2
/min. 
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The overall mass transfer coefficient, KFi, is given as: 

           (2.29) 

    
 (    )

  
 (2.30) 

where: 

- ae- is the particle specific area, cm
-1

; 

- kfi- is the mass transfer coefficient in liquid film, cm/min; 

- εp- particle porosity. 

The mass transfer coefficient in the liquid film, kfi, is commonly calculated based on the 

correlation developed by Wilson and Geankoplis [142]:   

    
    

      
 (2.31) 

where JD is the Chilton-Colburn factor and it is defined as follows: 

    
  

       
 (2.32) 

where Sh is the Sherwood number: 

    
     

  
 (2.33) 

The Chilton-Colburn factor, JD, Equation 2.32; can be redefined as: 
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      (2.34) 

Upon rearrangement of Equations 2.31 and 2.34: 

     
       
 

(    )     (2.35) 

 

2.5.2 Oxygen mass transfer 

Transport of oxygen from a gas source, a gas bubble for example,  to the nitrifying bacteria is a 

function of several resistances as presented in Figure 2.11. 

 

Figure 2.11: Transport of oxygen from a gas source to inside a cell [143]. 

If oxygen is enriched using a membrane, then the oxygen flux through the membrane can be 

written as: 
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        (   
      ) (2.36) 

where: 

- JO2- is the oxygen flux through membrane, mg/cm
2
/min; 

- KO2- is the overall oxygen mass transfer coefficient, cm/min; 

- CO2
*
- is the saturation concentration of oxygen in liquid, mg/l; 

- CO2L- is the concentration of oxygen in the liquid, mg/l; 

Henry’s law constant, H, relates the saturation concentration of oxygen in liquid, C*, to the 

oxygen partial pressure in the gas phase, PO2, as Equations 2.37 shows: 

   
   
   
  (2.37) 

The overall oxygen mass transfer coefficient is a result of several resistances in series as shown 

in Equation 2.38: 

 
    

 

 
   

 
 
   

 
 
  

 
(2.38) 

where: 

- kG- is the oxygen mass transfer coefficient in the gas phase, cm/min; 

- km- is the oxygen mass transfer coefficient in the membrane, cm/min; 

- kL- is the oxygen mass transfer coefficient in the liquid phase, cm/min; 

The oxygen diffusion in the gas phase, in hydrophobic membranes, is 4 orders of magnitude 

faster than the liquid phase diffusion [7], and the membrane thickness used in oxygen aeration 
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studies are quite thin (1-100 μm). Thus, the contributions of gas-film resistance (1/HkG) and the 

membrane resistance (1/Hkm) are negligible comparing to the liquid-film resistance (1/kL). 

Therefore, Equation 2.38 is reduced to Equation 2.39: 

        (2.39) 

 

2.5.3 Biofilm 

Unlike the suspended cells, the immobilized biofilm provide retention of nitrifying bacteria on 

fixed attachment surfaces, as discussed in section 2.3.2, which makes the biofilm important for 

environmental applications. 

Biofilms can be defined as “ layerlike aggregations of microorganisms and their extracellular 

polymers attached to a solid surface”  [13]. Biofilm systems are quite complex because of the 

effect of several factors on biofilm growth such as reaction rate, substrate consumption, 

attachment, external-internal mass transfer of substrate and products, cell death, biofilm loss, and 

competition between species besides process conditions such as pH, temperature, substrate 

concentration etc. [144]. A schematic presentation of the formation of a biofilm is shown in 

Figure 2.10. 

 

Figure 2.10: Formation of a biofilm [144]. 
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In literature, there are several models that describe the substrate transport to and consumption by 

biofilms. These models are generally divided into steady state and dynamic models. 

In steady state models, the biomass distribution over the entire biofilm is assumed to be 

homogenous [144, 145]. That means the biomass per unit surface area is constant in time, and 

the growth of new biomass per unit area is balanced by the losses per unit area [13].  

On the other hand, dynamic models consider the bacterial growth, and the substrate consumption 

and growth separately [144]. Environmental conditions can cause the biofilm to grow or lose part 

of its biomass. A steady state model is considered in this review. 

In a steady state approach, the ammonia removal and the dissolved oxygen consumption of a 

nitrifying biofilm can be represented in Figure 2.12. 

 

Figure 2.12: Conceptual substrate concentration profile [17]. 
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2.5.3.1    External mass transfer 

The rate of ammonia and oxygen transport from the bulk liquid to the liquid-biofilm interface 

can be expressed respectively as [146]: 

    
   
 
(     ) (2.40) 

     
   
 
(     ) (2.41) 

where: 

- JN- is the ammonia transport flux, mg/cm
2
/min; 

- DNL- is the ammonia diffusion coefficient in liquid, cm
2
/min; 

- SW- is the ammonia concentration in bulk liquid, mg/l; 

- SS- is the ammonia concentration at the biofilm surface, mg/l; 

- JOX- is the oxygen transport flux, mg/cm
2
/min; 

- DOL- is the oxygen diffusion coefficient in liquid, cm
2
/min; 

- CW- is the oxygen concentration in bulk liquid, mg/l; 

- CS- is the oxygen concentration at the biofilm surface, mg/l; 

- l- is the thickness of liquid film layer, cm. 

The thickness of liquid film layer, l,  can be estimated using the following correlation [147]: 

       (
  
  
)
   

(
  

 
)

   

  
   
(
   
     

)
   

 (2.42) 

Where: 
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- μw- is the viscosity of water, mg/cm/min; 

- ρw- density of water, mg/cm
3
; 

- df- characteristic length of the biofilm media, cm; 

- εb- biofilm void fraction= 1-density of cell in biofilm/density of dry cell; 

- other parameters are discussed previously. 

2.5.3.2    Mass diffusion of the biofilm 

Equation 1.15 can be applied to represent the oxygen consumption at any position inside the 

biofilm: 

            
 

  

 

    
 (2.43) 

the subscript “O” stands for oxygen, and all terms are defined earlier in this work. The mines sign 

indicates the rate of oxygen consumption. 

Oxygen transported into the biofilm by molecular diffusion and may be represented by Fick’s 

second law as follows: 

          
   

   
 (2.44) 

but diffusion and consumption occur simultaneously, so Equations 2.43 and 2.44 can be 

combined to give the overall mass balance of oxygen in the biofilm: 

    
   

   
     

 

  

 

    
 (2.45) 
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Equation 2.45 cannot be solved analytically; rather it can be integrated once to give the dissolved 

oxygen flux of a biofilm as expressed in Equation 2.46: 

 

       (
  

  
)
   

 √    
     

  
(           (

     
      

)) 

(2.46) 

where Cms is the oxygen concentration at the biofilm-support interface. Usually, ammonia exists 

in adequate concentration in the bulk liquid, therefore, oxygen is the rate limiting step, and as a 

result Cms=0 and Equation 2.46 can be simplified as: 
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)) (2.47) 

substituting Equation 2.41 into Equation 2.47 yields: 
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(2.48) 

Ammonia flux can be obtained in a similar way, or more simply can be obtained according to the 

ratio of oxygen consumption to ammonia removal, JOX = 4.57 JN and Yo= YN/4.57. Equation 2.49 

expresses the ammonia flux in the biofilm as follows: 
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(2.49) 

Equations 2.48 and 2.49 can be solved with an iterative process [145]. 
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3 Experimental Materials and Methods 

3.1 Experimental materials 

The ion exchange materials used in this research were two different types of clinoptilolite 

provided by two companies: KMI Zeolites Inc. and Boulder Innovative Technologies Inc. (BIT). 

Both types of clinoptilolite are referred to by abbreviated names based on the provider 

companies as KMI and BIT respectively. Both clinoptilolite types have a particle size of 14x40 

mesh (1.41 mm-0.420 mm). 

3.1.1 Ion exchange materials analysis 

 3.1.1.1    Electron Microscopy 

A visible analysis (topography studies) of the surface of clinoptilolite was carried out in the 

Microscopy and Analytical Imaging Laboratory at the University of Kansas (KU). The analysis 

was performed using a GEMINI scanning electron microscope (SEM). A sample was put on a 

circular aluminum disk using a layer of epoxy resin to confirm attachment of the sample to the 

disk. The drying and the coating steps were carried out using a HUMMER II sputter coater. The 

disk containing the sample was placed on a substrate holder covered by the top cathode 

assembly. Drying was carried out using argon gas that introduced under vacuum to the chamber. 

Then, a fine layer of gold/palladium was deposited on the sample. The prepared disk was then 

introduced into the vacuum chamber in the SEM and exposed to the focused electron beam. This 

procedure was applied for all samples. The magnification used, and the value of accelerating 

voltage for each sample are indicated on each image. 
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  3.1.1.2    XRF analysis 

The chemical composition of the material used was obtained using an X-Ray Fluorescence 

Spectrophotometer, XRF. The XRF was obtained by the Mineral Lab Inc. 

3.1.1.3      EDS analysis 

Energy Dispersive X-ray Spectroscopy (EDS) was carried out using EDAX EDS in the 

Microscopy and Analytical Imaging Laboratory at KU. Although it has the ability to determine 

all the elements in sample, EDS was used to obtain the percentage of Si and Al existing in the 

samples in order to determine the Si/Al ratio. 

3.1.1.4    Surface area and pore size measurements 

The surface area and pore size data was obtained by the Mineral Lab Inc. 

3.1.2 Material preparation 

The KMI clinoptilolite was sourced from the KMI’s deposits in Sandy valley, Nevada, while BIT 

clinoptilolite was sourced from BIT’ claim deposits in Colorado. Both types have a mean particle 

diameter in the range of 0.420 mm-1.41 mm as delivered from the factory. For further screening 

a Cole-Parmer sieve # 18 was used. In general, clinoptilolite has a brittle nature and high-speed 

grinders could not be used as they may be expected to produce too many fines. To remove any 

fines and impurities, the clinoptilolite samples were washed and soaked in DI water overnight. 

Then, the clinoptilolite samples were soaked in a 1 M NaCl solution for 24 hours. Regular hand 

agitation was applied to ensure complete conditioning in the sodium form.  The NaCl solution 

was renewed on a daily basis for a period of 6 days. Then, the clinoptilolite samples were 

washed several times and soaked in DI water overnight to remove the excess NaCl. The samples 
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were then dried overnight at 25 ºC. The conductivity of the DI water used to wash the samples 

was measured by conductivity meter to ensure no residual of NaCl remained. To ensure the 

removal of excess NaCl, the conductivity was frequently taken, using the conductivity meter. 

3.2 Experimental methods 

3.2.1 Batch equilibrium studies 

Two different types of clinoptilolite were used: 

- KMI clinoptilolite (0.420 mm – 1.41 mm) 

- BIT clinoptilolite (0.420 mm – 1.41 mm). 

Photographs the clinoptilolite used in this work are presented in Figure 3.1. 

 

Figure 3.1: Types of clinoptilolite used in this work, KMI on the left and BIT on the right. 
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It is easily to distinguish the two types of clinoptilolite by colorations. KMI clinoptilolite is a 

light green while BIT is a dark green. 

To examine the effect of the type of water on ion exchange equilibration three types of water 

were used: RO, DI, and tap water. Table 3.1 summarizes the batch experiments that were carried 

out in this work. 

Table 3.1: Batch experiments summary, for both KMI and BIT clinoptilolite. 

Experiment Concentration used, mg N-NH4
+
/l Water used 

Equilibration 10, 40, 70, 90, 150, 200, 500, and 1000 RO 

Equilibration 40, 90, 150, and 200 DI 

Equilibration 40, 90, 150, and 200 Tap 

Influence of other ions 20, 80, 300, and 400 DI 

 

To obtain the desired N-NH4
+
 concentration, ammonium nitrogen stock solutions were made by 

dissolving the required amount of ammonium chloride, NH4Cl in water (RO, DI, or tap). For 

example, to make a 1000 mg N-NH4
+
/l stock solution, 1.909 g NH4Cl was dissolved in 500 ml in 

a volumetric flask. 

The ion exchange equilibration measurements were carried out by contacting 1 g of clinoptilolite 

and 100 ml aliquots of N-NH4
+
 solutions in a sealed bottle having the specified concentration in 

each experiment as described in Table 3.1. Each sample was gently agitated by hand 4 times per 

day. The ammonia concentration was measured daily for each sample. In the experiment using 



107 

 

RO water, as a preliminary experiment, ammonia levels were measured daily  over a period of up 

to 9 days to examine the time required for equilibrium to be reached. The N-NH4
+
 concentrations 

in the aqueous phase at equilibrium were measured and the solid phase concentrations were 

determined by mass balance. 

In order to examine the influence of presence of other cations that are normally present in 

significant concentrations in wastewater such as potassium, calcium, and magnesium on 

ammonium ion uptake, further experiments were conducted. These experiments were designed to 

determine the effect of each individual cation alone upon the ammonium ion uptake. The salts 

used as sources for the corresponding cations are KCl, CaCl2.2H2O, and MgCl2.6H2O. Stock 

solutions of these salts were made, and 40 mg/l solutions were obtained from the stock salt 

solutions. Respectively, 2 ml of each 40 mg/l of each cation solution was added in each 100 ml 

sealed bottle containing different concentrations of ammonium ions as (20, 80, 300, and 400 mg 

N-NH4
+
/l), and then the sealed bottles were continuously shaken on an orbital shaker, KS-501 

IKA-WERKE, at 150 rpm. 
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3.2.2 Kinetics studies 

The apparatus used to carry out the kinetics studies is presented in Figure 3.2. 

Magnetic Stirrer

Wire

Mesh basket

4L vessel

3 inch Stirrer bar

Tachometer
 

Figure 3.2: Kinetics equipment design. 

 

The apparatus consists of 4 L glass vessel equipped with a 297 μm mesh basket which was 

immersed in the solution. The mesh basket was used to protect the clinoptilolite from crushing, 

and was connected to the vessel by a wire.  The solution was stirred by a 3inch stirrer bar driven 

by a magnetic stirrer. The mixing speed was measured using a digital AMETEK tachometer. A 

red tape strip was attached to one end of the stirrer bar in order to detect the bar rotation by the 

tachometer. The ammonium ion solution was placed in the vessel and clinoptilolite was placed in 

the mesh basket. Samples of the solution were taken by a 10 ml pipet over recorded time 
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intervals and the ammonium ion concentration was measured according to the procedure given in 

section 3.3.1. Table 3.2 summaries the varying parameters studied in these experiments.  

Table 3.2: Summery of kinetics studies. 

 Varying parameter Constant parameters 

Part 1, C0 is a varying 

parameter 

150 mg/l Mixing speed=1200 rpm 

Mclino= 1.5 g 

Particles size= 0.7-1.0 mm 

100 mg/l 

150 mg/l 

Part 2, particle size is a 

varying parameter 

0.7 - 1.0 mm C0 = 50 mg/l 

Mclino= 1.5 g 

Mixing speed=1200 rpm 

1.0 -  1.40 mm 

Part 3, mixing speed is a 

varying parameter 

500 rpm C0 = 50 mg/l 

Mclino= 1.5 g 

Particles size= 0.7-1.0 mm 

1200 rpm 

Part 4, Mclino is a varying 

parameter 

1.5 g C0 = 50 mg/l 

Mixing speed=1200 rpm 

Particles size= 0.7-1.0 mm 

3.0 g 

4.5 g 

6.0 g 
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Different sizes of KMI clinoptilolite is introduced in Figure 3.3. 

 

Figure 3.3: Different sizes of KMI clinoptilolite used in kinetics studies. Sizes from left to right: 

0-0.7 mm. 0.7-1.0 mm, and 1.0-1.4 mm. 
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3.2.3 Aeration studies 

The objective of the aeration studies was to examine the performance of membranes under 

different pressures. The apparatus used in aeration studies is presented in Figure 3.4. 

 

Digital pressure 

gauge

Air source

Magnetic Stirrer

Oxygen meter

Membrane

Oxygen probe

3 L vessel

 

Figure 3.4: Aeration studies apparatus. 

The aeration studies apparatus was constructed using the following equipment: 

- 3L glass beaker as a reaction vessel; 

- Sodium sulfite, Na2SO3; 

- Compressed air cylinder, size 300, as air source; 

- Air flowmeter; 

- Digital manometer; 

- Oxygen meter; 
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- Acrylic tubes as membrane module; 

- Porous and non-porous membranes. 

Membrane module preparation 

The membrane module is a device by which a membrane flat sheet is installed in the system. The 

membrane modules used in this work were acrylic tubes. A total of 6 tubes was used each having 

a length of 15 cm and an outside diameter of 1.27 cm. One cm was left over from the top and 

bottom to allow a space to adhere the edges of the membranes onto the tubes. In order to let air 

pass through the tubes and reach to the surface of the membranes, a total of 42 equally spaced 

slots were made. Each slot has an area of 0.461 cm
2
.  Thus, the total free area of the 42 slots is 

19.357 cm
2
.  One end of the tubes was blocked by a stopper while the other was connected to the 

flowmeter by a PVC tube (ID=0.635 cm). The membrane module is shown in Figure 3.4. 

The membranes specifications that were used in the studies are shown in Table 3.3. 
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Figure 3.5: Membrane module. 
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Table 3.3: Membrane specifications. 

Membrane type 

Parameter Polytetrafluoroe

thylene (PTFE), 

(or Teflon) 

Polypropylene, 

(PP) 

Polyethersulfone,  

(PES), (or Supor-

R200) 

Nylon Silicon 

Pore size 

(µm) 

0.2 0.1 0.2 0.1  

Thickness 

(µm) 

175 75-110 119.4-215.9   

Length (mm) 300 200 250 200  

Maximum 

pressure (psi) 

12-23 30 20-57   

Air Flow - - LPM/3.7 cm2 @ 

13.5 psi 

  

Shape Flat sheet Flat sheet Flat sheet Flat sheet Tube 

Type Porous  Porous Porous Porous Dense 

Provider 

(company) 

STERLITECH STERLITECH PALL Osmonics 

Inc. 

Cole-

Parmer 

 

First, 2.5 L of filtered tap water were added to the 3 L glass vessel and sodium sulfite, Na2SO3, 

was then added to deoxygenate the tap water according to following Equation: 

           →         (3.1) 

The appropriate amount of sodium sulfite (Molecular weight = 126.1 g/mol) to deoxygenate 2.5 

L tap water that has 8.5 mg/l DO can be determined using Equation 3.1as follows: 
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The deoxygenation step takes time and it depends on the amount of sodium sulfite used. The DO 

meter was used to watch how oxygen was depleting in water. When reaching a zero 

concentration of dissolved oxygen, the air cylinder was used to pressurize the membrane 

assembly to allow oxygen to diffuse through the membrane wall to oxygenate the water. 

Dissolved oxygen concentration readings were then taken every 10 minutes. 

SEM analysis was carried out for all membrane types in the Microscopy and Analytical Imaging 

Laboratory at KU following the same procedure carried out for analysis of clinoptilolite samples 

in Section 3.1.1.1. 

3.2.4 Column studies 

3.2.4.1 Design of the columns 

Two types of columns were used to perform the column studies. The first column, Figure 3.6, 

was constructed to accommodate the silicon membrane module. A cross-sectional view of this 

column is outlined in Figure 3.7. The second column was designed on the basis of the first 

column, and was introduced to operate the porous membrane modules. The second column is 

presented in Figure 3.8 and the cross-sectional view in Figure 3.9. The design of these columns 

was informed by previous experiments done by Miladinovic and Weatherley [58], Jorgenson and 

Weatherley [98], and McVeigh and Weatherley [3]. Membranes used in these studies have the 

specifications outlined in Table 3.3.   

Both columns were designed to enhance the aeration within the clinoptilolite bed so that the 

nitrification process can proceed without being limited by the oxygen concentration. The silicon 

membrane’s permeability was 7961x10
10

 cm
3
 sec

-1
 cm

-2
 cmHg. The internal and external silicon 

tube diameters were 1.8 and 2.1 mm respectively, and it was curled around 35 cm module. Two 



116 

 

tubes were assembled in the silicon membrane column. Modules were clipped on both ends of 

the column. The air outlet is sealed with a metal clip to force air to diffuse through the 

membrane. 
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Figure 3.6: Silicon membrane module column. 
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Outer diameter= 1.52 cm

 Filled with Clino

Outer diameter= 1.52 cm

 Filled with Clino

Silicon membrane module

Silicon membrane 

module column

 

Figure 3.7: Cross-sectional view of silicon membrane module column. Clinoptilolite was filled 

inside and outside the membrane module. 
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Figure 3.8: Porous membrane module column. 
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Air Air

Porous membrane module

Outer diamter= 1.29 cm

 

Figure 3.9: Cross-sectional view of silicon membrane module column. Clinoptilolite was filled 

outside the membrane module while air is pressurized inside the module. 

Columns were built into a lab scale plant design, and a maximum of four columns were operated 

at the same time. Columns were operated under down-flow and up-flow conditions. In the down-

flow condition, Figure 3.10, columns were operated based on a constant head principle. The flow 

rate was maintained constant by keeping the head in the feed tanks constant. Rotameters were 

used to adjust the inlet flow. Separate tests were carried out to find out the appropriate float 

height associated with the designed flowrate. It was found that when the float was at 36 mm the 

flowrate was 22 L/hr. In the up-flow condition, Figure 3.11, peristaltic pumps, Watson-Marlow 

pumps, were used to maintain the flowrates as designed. Calibration measurements for the 

pumps across a range of flowrates were made before each experimental set.  
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Figure 3.10: Down-flow condition. Air was supplied into the column by air cylinder. 
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Figure 3.11: Up-flow condition. Air was supplied by air cylinder, and it depends on the column 

design. 

 

A photo of a porous membrane column  with an up-flow condition is shown in image 3.12. 
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Figure 3.12: A column runs with an up-flow condition, porous membrane column design. 

 

3.2.4.2     Service procedure 

Although the used clinoptilolite came with the required particle size, 0.42-1.41 mm, further 

sieving was carried out using a sieve shaker, RX-29 W.S. TYLER – Geology department at KU. 

Prior to use, clinoptilolite was pretreated as outlined in section 3.1.2. The height of the bed was 

either 27 cm or 32 cm. The bed volume varied according to the variations in the bed height and 

the variation in the column design. The term “Bed Volume” (BV) in this study always refers to 
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the volume of the empty column, i.e., without packed clinoptilolite. Table 3.4 summarizes the 

BV used in this work. The desired flowrate was maintained in the down-flow condition by the 

constant head approach. The purpose of this approach is to supply the columns with a high 

flowrate, 14 BV/hr (22 L/hr). The up-flow condition was also used as it was expected to 

minimize channeling. 

Table 3.4: BV variations used in this work. 

Column design Bed height, h (cm) BV 

Silicon membrane column 

32 1.605 L 

27 1.355 L 

Porous membrane column 27 1.455 L 

 

To prevent air bubbles being trapped within the column, dry clinoptilolite was added to the 

column and the column was isolated from its inlet and outlet, then, the bed was washed with DI 

water several times and the column was reconnected to the inlet/outlet. The water used was tap 

water filtered in a commercial PUR 3-stage faucet filter. The synthetic wastewater was made up 

and stored in a 120 L reservoir tank, and solution concentration was measured before use. 

Solution was lifted up to the feed tank using a VESTIL hand winch lift truck. The feed tanks 

were 90 L capacity. The solution inside the feed tanks was kept at 30 ºC by using a bath 

circulator (Isotemp 3016p, Fisher Scientific). The solution was fed to the column and was 

contacted with the clinoptilolite bed. The effluent solution was accumulated in the collector tank. 

The collector tanks were graduated receiving tanks with a 4 L volume interval. After a specified 
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time interval, the effluent solution was sampled and measured for ammonium ion concentration, 

oxygen concentration, pH, and nitrite concentration. The analytical section provides how these 

parameters were measured. Experiments on biologically active clinoptilolite followed the same 

procedure but with aeration present. 

3.2.4.3     Bacteria immobilization 

One of the challenges facing the combination of ion exchange and nitrification as a combined 

method is establishing the growth of the biofilm on the ion exchange material without losing too 

much of its adsorption capacity. The adsorption method was chosen to immobilize bacteria on 

clinoptilolite bed. This method was used previously by Miladinovic and Weatherley  [58] and 

McVeigh and Weatherley [3], and it was reported as an effective method when oxygen was 

adequately supplied to the packed column. 50 ml of bacteria rich solution was added to 2 L of 

low ammonium ion solution (0.5 mg N-NH4
+
/l), and the combined active solution was manually 

introduced to the packed bed column in the presence of aeration. Approximately, after 4 hours 

the effluent was re-fed to the column. This procedure lasted for 24 hours. The biomass 

concentration was measured, as explained in section 3.3.6, before and after bacteria were 

introduced to the column in order to determine how much bacteria was bound to the clinoptilolite 

bed. Since Nitrosomonas europea is very sensitive to light, the biologically active column was 

coated with aluminum foil during the experiment. For the silicon tube column, air was 

pressurized at 25 psi. For the porous membrane column, pressure gauge was kept at 1.5 psi. 
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3.2.4.4     Bacteria inoculation 

The bacteria used in this work (ATCC 19718) were obtained from the American Type Culture 

Collection (ATCC). The medium by which the bacteria were cultured was made as follows: 

Step 1: 900 ml DI water was added to 2 L Erlenmeyer flask and the following materials were 

added in sequence: 

- 3.3 g (NH4)2SO4 (50mM) 

- 0.41 g KH2PO4 

- 0.75 ml 1 M MgSO4 

- 0.2 ml 1 M CaCl2 

- 0.33 ml 30 mM FeSO4/50 mM EDTA 

- 0.01 ml 50 mM CuSO4 

The flask was then sterilized using an autoclave. 

Step 2: 400 ml of DI water was added in a 500 ml baker, then, the following materials were 

added: 

- 27.22 g KH2PO4 

- 2.4 g NaH2PO4 

pH was adjusted to 8.0 with 10 N NaOH, and the final volume was brought to a final volume of 

500 ml with DI water. The solution was transferred to a 500 bottle and was sterilized. 

Step 3: 500 ml of 5 % (w/v) Na2CO3 was prepared and sterilized. 

To prepare a 1 L of inoculum, the following steps were made: 
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-  100 ml of solution prepared in Step 2 was added to the flask prepared in Step 1. 

- 8 ml of the solution made in Step 3 was added to the flask prepared in Step 1. 

- 10 ml of 3-day old culture was added to the flask prepared in Step 1, and incubate it on a 

rotary shaker (@150 rpm) at 30 ºC. 

After 7 days of incubation, the culture was centrifuged in a SORVAL Evolution centrifuge at 

5000 RCF (relative centrifugal force) for 20 minutes. The biomass was added to 50 ml DI water 

and either stored or used. This 50 ml of biomass is what is referred previously as a bacteria rich 

solution. 

3.2.5 Bioregeneration column 

In this part, the regeneration of exhausted clinoptilolite by nitrifying bacteria is examined. The 

column was uploaded with exhausted KMI clinoptilolite, and a 50 ml of rich bacteria solution 

added to 3 L of media solution and the combined solution circulated through the column. Over 

fixed time intervals, samples were taken and analyzed for nitrite. Based on the performance of 

membranes in aeration studies and porous membrane columns, the two membranes with the 

highest performance were selected to enhance aeration inside the bioregeneration columns. The 

bioregeneration column setup is shown in Figure 3.13. Preparing media solution and taking 

nitrite measurement were/are explained in Section 3.2.4.4 and 3.3.2 respectively. After few days, 

the column was stopped and samples from different height of the column (5, 10, 15, 20, and 

27cm) were taken and equilibrated with 100 ml of ammonium ion solution (20 mg N-NH4
+
/l) 

exactly as explained previously in Section 3.2.1. 
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Figure 3.13: Bioregeneration column setup.   
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3.3 Analytical methods 

3.3.1 Ammonia measurements 

Ammonium ion concentration measurements were carried out using a Thermo Scientific Orion 

ISE meter 4-Star along with a Thermo Scientific Orion ammonium ion selective electrode (No. 

9512BNWP). Figure 3.12 shows the general assembly of an ion selective electrode (ISE).  

 

Figure 3.12: Ammonium ion selective electrode [5] 

The inner body of the electrode was filled with ammonia electrode filling solution (Orion 

951202), and the ammonia selective membrane (Orion 951204) was attached to the cap of the 
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electrode. The ammonium ion sample is measured in a 20 ml disposable scintillation vial. A pH 

buffer ( ISA Orion 951211) added to the sample in a ratio 50:1.The principle of operation can 

now be described. 

The ammonia membrane is a PVC hydrophobic membrane containing an ammonium carrier with 

a high selectivity towards ammonium ions. When ammonium ions, in the sample, are in contact 

with the membrane these ions diffuse from the sample solution into the internal filling solution, 

and an electrode potential is established against reference potential, and then ammonium ion 

concentration can be calculated by the Nernst equation [3, 5]: 

      (
  

  
       ) 

(3.2) 

where E is the  electrode potential in volt, E
0
 is the standard or reference potential in volt,  R is 

the universal gas constant (=8.314 J/K/mol), T is the temperature in ºK, z is the valence of 

ammonium ion (=+1), F is the Faraday’s constant (=96485 Coulombs/mol), and a is the 

ammonium ion activity as described in Equation 2.1. 

In order to maintain precise measurements, the electrode was calibrated on a daily basis using a 

three point calibration that brackets the range to the expected sample concentrations. The 

calibration is performed using the lowest concentration standard  working up to the highest 

concentration standard. To prevent any contamination, the electrode is washed before and after 

measuring the sample with DI water and dried with a lint-free tissue. All solutions, including 

calibration solutions, were made from ammonium chloride (NH4Cl) assuming that 100% of 

ammonia dissolved was in the cationic form. A sample calculation below describes how the 

preparation a 1000 mg/l NH4
+
 as N was undertaken: 
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 3.819 g of       was dissolved in a liter of DI water giving a solution with a concentration 

1000 mg/l NH4
+
 as N. 

3.3.2 Nitrite measurement 

Nitrite (NO2
-
) was accurately determined using a UV-visible spectrophotometer following the 

procedure given in Simplified Procedures for Water Examination [148]. In order to establish a 

photometric calibration curve, a color reagent was prepared by adding 100 ml of an 85 % 

phosphoric acid (H3PO4) solution and 10 g sulfanilamide (C6H8N2S) to 800 ml DI water. After 

the sulfanilamide dissolved completely, 1 g of NED dihyrdochloride was added, and the solution 

diluted to 1L. Standard nitrite solution was prepared by adding 1.232 g sodium nitrite (NaNO2) 

to 1 L DI water, and diluted to the required concentrations. After removing any suspended solids 

by filtering through a 0.45-µm diameter pore membrane filter, the pH must be adjusted to the 

range of 5 to 9 with 1N hydrochloric acid (HCl) or 1N ammonium hydroxide (NH4OH) as 

needed. To develop the color of the sample or standard, 2 ml color reagent was added to a 50 ml 

portion of sample. For different known concentrations, the absorbance was measured at 543 nm. 

The calibration curve was obtained by plotting the absorbance of nitrite standards against the 

concentration of each, and documented in Appendix I. The calculations of uncertainty of the 

calibration curve are given in Appendix II.  
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3.3.3 Oxygen measurement 

Dissolved oxygen concentrations were determined by using an oxygen probe/meter, DO200, 

(Yellow Spring Instruments), with a built-in temperature probe for automatic temperature 

compensation. This probe model uses a polarographic electrode with convenient screw-on cap 

membranes. Before use, the probe was calibrated at 100% water-saturated air environment. This 

was done by calibrating the probe in the bottle that the probe is stored in.   

3.3.4 pH measurement 

Determination of pH was carried out by using either an Orion 4 Star pH meter along with Gel-

Filled pH electrode or an OAKTON pH tester 30. Both meters have a built-in temperature probe. 

Both meters were calibrated using Thermo Scientific buffer solutions pH=4.01, pH=7.00, and 

pH=10.01.  

3.3.5 Conductivity measurement 

Conductivity was measured to check the presence of sodium hydroxide in the solution, and it 

was measured by an Orion 4 Star conductivity meter along with an Orion conductivity electrode 

(DuraProbe conductivity Cells 013005MD) which was calibrated by using 100 µS/cm and 1413 

µS/cm Orion conductivity standards. 

3.3.6 Protein measurement 

Protein measurements were carried out using either a UV-visible spectrophotometer or a 

NanoDrop 1000 (Thermo Scientific). The samples were measured at OD600 nm (OD=optical 

density).  
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3.3.7 Temperature measurement 

When needed, the temperature can be determined by using one of the meters described 

previously or for a quick measurement a Traceable
®
 thermometer was used.  
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4 Results and Discussion 

4.1 Ion exchanger analysis 

4.1.1 Electron microscopy 

Scanning electron microscope (SEM) pictures of KMI and BIT clinoptilolite used in this work 

are given in Figure 4.1 and Figure 4.2 respectively. For better comparison, both photos were 

taken with the same magnification (12.10 k). Clinoptilolite’s structure can be seen easily for 

KMI, and may be more difficult for BIT. The pores are shown in the SEM photos and are 

noticeable. However, by comparing Figure 4.1 and Figure 4.2 it seems that BIT clinoptilolite is 

more porous than KMI clinoptilolite. 

 

Figure 4.1: Surface photographs of KMI. 
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Figure 4.2: Surface photographs of BIT. 

 

The macrospores and microporous of BIT are detected in Figure 4.2.   

4.1.2 XRF analysis 

Clinoptilolite is a naturally occurring ion exchanger and is likely to be of variable composition. 

Clinoptilolite samples were analyzed for chemical composition using  X-Ray Fluorescence 

spectrophotometer (XRF) which can quantify the main chemical within a solid compound. The 

chemical composition of KMI and BIT clinoptilolite used in this work are presented in Table 4.1. 

XRF analysis of Hector clinoptilolite (California) and New Zealand are also presented in Table 

4.1 for comparison. The Si/Al ratio is calculated and documented for all clinoptilolite types. The 

Si/Al ratios reported in the literature, range from 4.5 to 5.5 [4]. The Si/Al ratio of KMI and BIT 
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clinoptilolite is 5.13 and 5.62 respectively. Si/Al ratios of KMI lays in the middle of the range, 

while Si/Al ratio of BIT lays in the upper limit of the range. Both KMI and BIT Si/Al ratio is 

higher than the New Zealand clinoptilolite used by Miladinovic and Weatherley [58] which is 

4.78. The more aluminum present in the clinoptilolite, the more cations are needed to neutralize 

the negative charge, hence; high capacity is expected. So, KMI clinoptilolite capacity is expected 

to be lower than the capacity of the New Zealand clinoptilolite and higher than the BIT 

clinoptilolite capacity. As expected, Na, K, Mg, and Ca are present along with other trace 

elements within KMI and BIT clinoptilolite. BIT clinoptilolite contains relatively large amounts 

of potassium. 

Table 4.1: Chemical composition of clinoptilolite used in this research and that of Hector 

deposit. 

Weight % (Normalized 

to 100 %) 

KMI BIT Hector deposit 

(California) [26] 

New Zealand 

[4] 

SiO2 75.61 76.99 71.01 70.75 

Al2O3 13.01 12.11 12.09 13.04 

Fe2O3 1.02 1.94 1.05 2.08 

CaO 1.50 2.55 3.85 1.93 

MgO 0.30 0.51 0.54 0.41 

Na2O 4.49 0.67 6.09 1.83 

K2O 3.88 4.79 1.70 3.64 

MnO 0.028 0.01 0.02 0.14 

TiO2 0.15 0.11 0.41 0.18 

P2O5 - 0.11 0.00 0.04 

Si/Al 5.13 5.62 5.19 4.78 
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4.1.3 EDS analysis 

The EDS analysis results of KMI and BIT clinoptilolite are presented in Figure 4.3, Figure 4.4, 

and Table 4.2.  

 

Figure 4.3: EDS analysis of KMI clinoptilolite. 

 

Figure 4.4: EDS analysis of BIT clinoptilolite. 
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Table 4.2: Composition of Si and Al in KMI and BIT clinoptilolite obtained by EDS analysis. 

Element 
KMI BIT 

wt % At% wt % At% 

Si 84.60 84.07 85.89 85.40 

Al 15.4 15.93 14.11 14.60 

Si/Al 5.49 5.27 6.08 5.85 

 

Although the weight percentages of both Si and Al in both KMI and BIT clinoptilolite given in 

Table 4.2 does not agree with the values given in Table 4.1, both Tables agree that the Si/Al of 

BIT is higher than that of KMI. 

4.1.4 Surface area and pore size measurements 

Surface area and pore size analysis are given in Table 4.3. 

Table 4.3: Surface properties and density of KMI and BIT clinoptilolite that used in this work 

(Data was obtained by the Mineral Lab Inc.) 

 KMI BIT 

Bulk density (g/cm
3
) 1.394 0.96  

Surface area (BET, m
2
/g) 40 25 

Pore volume (%) 15 - 

Pore radius (Å) 3.5 - 

Specific gravity 1.89 2.0-2.4 

 

KMI possesses a higher surface area than BIT but both are still low compared to the documented 

surface area of clinoptilolite from other parts of the world which is typically within the range 
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172-340 m
2
/g [3, 114]. The reported surface area of New Zealand zeolite is similar to that of 

KMI which is 40 m
2
/g [114]. This variation in surface properties is expected as the structure and 

the surface area properties vary among the same type of zeolite that mined from different 

deposits [3]. KMI has a mean pore radius of 3.5 Å which is greater than that of the New Zealand 

clinoptilolite which has a mean pore radius of 2.09 Å [4]. A comparison between the tabulated 

density values for both samples might support the finding by the SEM analysis which is that the 

BIT is more porous than KMI. 

4.2 Batch equilibrium studies 

4.2.1 The uptake capacity 

The terms ammonia and ammonium ion are used interchangeably in chapter 4. The theoretical 

information and background on ion exchange capacity are given in section 1.4.3, while recent 

studies regarding clinoptilolite’s capacity are outlined in section 2.2.2. As discussed earlier, there 

are several approaches to define the capacity of ion exchange. Here, in this work, the capacity is 

defined as the number of millimoles of counter ion equivalent per gram of clinoptilolite [3, 58]. 

Ammonia concentration, either in the solution or in the solid material, is always given in mg N-

NH4
+
. The experimental studies in this part were performed following the procedure given in 

section 3.2.1, and the scope of these studies was designed to quantify the equilibrium uptake 

behavior of ammonium ion onto KMI and BIT clinoptilolite. It was assumed that all the 

ammonium ions in the liquid solution were exchanged with Na
+
 ions onto clinoptilolite. 

Literature indicates that equilibrium can be reached within 3 to 4 days for clinoptilolite [58, 98]. 

The equilibration studies were done using RO, DI, and tap water. The resistivity of RO and DI 

water were greater than 0.05 and 18 μΩ.cm respectively. The total dissolved solids present in the 



140 

 

tap water (before pass the commercial filter) ranged from 140 to 490 ppm [149]. The reduction 

of ammonia concentration from the solution containing different ammonium ion concentration 

for KMI and BIT using RO water is shown in Figure 4.5 and Figure 4.6 respectively.   

 

 

Figure 4.5: Reduction of ammonia concentration over time for different initial ammonia 

concentrations in 100 ml of solution and 1.0 g of KMI clinoptilolite (T= 23 ºC, particle size 0.42 

mm- 1.41 mm, RO water). 
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Figure 4.6: Reduction of ammonia concentration over time for different initial ammonia 

concentrations in 100 ml of solution and 1.0 g of BIT clinoptilolite (T= 23 ºC, particle size 0.42 

mm- 1.41 mm, RO water). 

From the previous figures, it is clear that the KMI and BIT achieve equilibrium after 4 days of 

contacting the solution with the material. This result agrees with the equilibrium period 

Jorgenson and Weatherley [5] found when contacting ammonium ions with clinoptilolite. They 

only agitated samples by hand four times per day whereas Miladinovic and Weatherley [58] 

placing the samples on an orbital shaker, and found that it took 3 days for clinoptilolite to reach 

equilibrium. Clearly, continuous shaking of samples has improved the uptake kinetics. 

By performing a mass balance on the ammonium ions, the uptake capacity was calculated. The 

uptake capacities, solid concentrations, and percentages of ammonia removal after 9 days contact 

of KMI and BIT are presented in  Table 4.4 and Table 4.5. 
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Table 4.4: The uptake data for ammonium ion onto KMI after 9 days contact. 

Initial Ammonium 

Concentration 

(mg  N-NH4
+
 /l) 

 

KMI 

Capacity (meq/g) 

Qe, solid concentration,  

mg  N-NH4
+
/g clino 

Percentage of 

removed ammonia 

10 0.071 0.99 99.02 

40 0.281 3.93 98.30 

70 0.485 6.79 96.97 

90 0.617 8.64 95.96 

150 0.984 13.78 91.84 

200 1.257 17.60 88.00 

The solid phase concentrations, over the entire work, are based on dry weight of zeolite. 

 

Table 4.5: The uptake data for ammonium ion onto BIT after 9 days contact. 

Initial Ammonium 

Concentration 

(N-NH4
+
 mg/l) 

 

BIT 

Uptake capacity 

(meq/g) 

Qe, solid 

concentration,  

mg  N-NH4
+
/g clino 

Percentage of 

removed ammonia 

10 0.071 0.99598 99.59 

40 0.279 3.9088 97.72 

70 0.473 6.619 94.56 

90 0.596 8.346 92.73 

150 0.927 12.984 86.56 

200 1.191 16.676 83.38 

 

 

At low to moderate concentration, 10-90 mg N-NH4
+
 /l, ammonium ions were removed at a high 

percentage. Above 150 mg N-NH4
+
 /l, the removal percentage decreases significantly. For all 

concentration levels, KMI exhibited high capacity comparing to BIT and more significantly at 

150 and 200 mg N-NH4
+
 /l, where the uptake capacity percentage difference is calculated as 5.8 

and 5.3 % respectively. This is expected since BIT clinoptilolite has a higher Si/Al ratio than 

KMI clinoptilolite, and as a result KMI is expected to have more counter ions ready for 

exchange. Comparing to previous published results, Miladinovic and Weatherley [58] tested the 

uptake of New Zealand clinoptilolite whose composition is shown in Table 4.1. For the same 
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concentration levels, the uptake capacities were 0.07, 0.26, 0.42, 0.49, 0.62, and 0.66 meq/g. 

They used the same ratio of mass of exchanger to the volume of solution phase, 0.5 g per 50 ml, 

as the current work, 1 g per 100 ml. For this work, 1 g per 100 ml was chosen for the long period 

sampling which lasted for 9 days. KMI and BIT reveal higher uptake capacity than the New 

Zealand clinoptilolite. In fact, KMI and BIT uptake capacities are double that of New Zealand 

clinoptilolite at the reported levels of concentrations. Jorgenson and Weatherley [5] examined 

ammonium ion uptake onto Hector clinoptilolite and reported a higher uptake capacity of 1.30 

meq/g (obtained from a graph in their work) at initial ammonium concentration of 200 mg N-

NH4
+
 /l. Vassileva and Voikova [106] used natural and pretreated Bulgarian clinoptilolite (Si/Al 

= 5.60), and they reported the uptake capacity as 0.88 and 1.31 meq/g respectively. A possible 

explanation of high uptake capacity of KMI, BIT, and Hector clinoptilolite comparing to New 

Zealand and natural Bulgarian clinoptilolite is that those three types of clinoptilolite are 

commercial market product and thus; they are probably pre-screened and pre-treated with the 

inert components being removed in order to achieve an optimal performance [4]. 

At this point, the performance of KMI and BIT are quite promising; therefore, testing these 

materials at high concentration is required to draw comprehensive conclusion on how these 

material works at high concentrations. Therefore; Materials were tested at 500 and 1000 mg N-

NH4
+
 /l. The results are introduced in Table 4.6 and Table 4.7 for KMI and BIT respectively. 
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Table 4.6: The uptake data for ammonium ion onto KMI at high concentration. 

RO water: Initial 

Ammonium 

Concentration 

(mg N-NH4
+
 /l) 

 

KMI 

Capacity (meq/g) 

Qe, solid concentration, 

mg  N-NH4
+
/g clino 

Percentage of 

removed ammonia 

500 2.62 36.65 73.3 

1000 4.66 65.25 65.25 

 

Table 4.7: The uptake data for ammonium ion onto BIT at high concentration. 

RO water: Initial 

Ammonium 

Concentration 

(mg N-NH4
+
 /l) 

 

BIT 

Capacity (meq/g) 

Qe, solid concentration, 

mg  N-NH4
+
/g clino 

Percentage of 

removed ammonia 

500 2.47 34.55 69.10 

1000 4.42 61.90 61.9 

 

Although both types show high uptake capacity, KMI still exhibited higher uptake capacity 

compared to BIT clinoptilolite at high concentrations. Dryden and Weatherley [150] reported an 

ammonium ion uptake capacity of 2.16 meq/g at 900  mg  N-NH4
+
/l using Hector clinoptilolite 

which is less than half of the uptake capacity of KMI and BIT. 

It is worthy to note that, the solid concentration (Qe) of KMI at 500 mg N-NH4
+
 /l is 36.65 mg  

N-NH4
+
/g clino  which means that 13.35 mg ammonia is still remained in the solution, while Qe 

of the 1000 mg N-NH4
+
 /l is 61.90 which means that KMI has the capability to adsorb more than 

36.65 mg ammonia, and the question is why did not KMI adsorb the remaining 13.35 mg 

ammonia? The following reasons [5] might answer this question: 

- Not all sites are accessible; 

- Inert material is included in the weight of resin; 

- Other zeolite structures might also present; 
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- Water of hydration may be different; 

- Preconditioning was not complete or material was exposed to different levels of 

treatment.  

Further experiments were carried out to quantify the effect of DI and tap water on the uptake 

capacity. The concentration levels were 40, 90, 500, and 1000 mg N-NH4
+
 /l. The reduction of 

ammonia concentration from the solution is shown in Figure 4.7-Figure 4.10. 

 

Figure 4.7: Reduction of ammonia concentration over time for different initial ammonia 

concentrations in 100 ml of solution and 1.0 g of KMI clinoptilolite (T= 23 ºC, particle size 0.42 

mm- 1.41 mm, DO water). 
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Figure 4.8: Reduction of ammonia concentration over time for different initial ammonia 

concentrations in 100 ml of solution and 1.0 g of BIT clinoptilolite (T= 23 ºC, particle size 0.42 

mm- 1.41 mm, DI water). 

 

Figure 4.9: Reduction of ammonia concentration over time for different initial ammonia 

concentrations in 100 ml of solution and 1.0 g of KMI clinoptilolite (T= 23 ºC, particle size 0.42 

mm- 1.41 mm, tap water). 
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Figure 4.10: Reduction of ammonia concentration over time for different initial ammonia 

concentrations in 100 ml of solution and 1.0 g of BIT clinoptilolite (T= 23 ºC, particle size 0.42 

mm- 1.41 mm, tap water). 

 

Table 4.8, Table 4.9, and Table 4.10 show the solid concentration, uptake capacity, and ammonia 

percentage removal, respectively, of KMI and BIT in DI and tap water. 

Table 4.8: Solid concentration, Qe, of KMI and BIT in DI and tap water. 

Initial 

Ammonium 

Concentration 

(N-NH4
+
 mg/l) 

KMI: Qe, solid concentration,  

mg  N-NH4
+
/g clino 

BIT: Qe, solid concentration,  

mg  N-NH4
+
/g clino 

DI water Tap water DI water Tap water 

40 3.74 3.63 3.74 3.36 

90 7.84 7.78 7.83 7.06 

500 25.84 25.68 23.92 23.36 

1000 42.32 43.2 37.04 39.12 
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Table 4.9: Uptake capacity of of KMI and BIT in DI and tap water. 

Initial 

Ammonium 

Concentration 

(N-NH4
+
 mg/l) 

KMI: Qe, meq/g ,  

 

BIT: Qe, meq/g 

DI water Tap water DI water Tap water 

40 0.27 0.26 0.27 0.24 

90 0.56 0.56 0.56 0.50 

500 1.84 1.83 1.71 1.67 

1000 3.02 3.08 2.64 2.79 

 

Table 4.10: Ammonia percentage removal fo KMI and BIT in DI and tap water. 

Initial 

Ammonium 

Concentration 

(N-NH4
+
 mg/l) 

KMI: Percentage of removed 

ammonia  

 

BIT: Percentage of removed 

ammonia 

DI water Tap water DI water Tap water 

40 93.58 90.82 93.58 84.1 

90 87.11 86.49 87.02 78.4 

500 51.68 51.36 47.84 46.72 

1000 42.32 43.2 37.04 39.12 

 

 

The previous results show a slight better performance of KMI and BIT in the presence of tap 

water comparing to DI water.  This is an unexpected result. However, tap water was filtered 

using a 3-stage PUR commercial filter and this company claimed that this filter has the capability 
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to remove major ions. The conductivities of DI water, RO water, and filtered tap water are 

presented in Table 4.11.  

Table 4.11: Conductivity of DI, RO, and filtered tap water. 

Water type used Conductivity, μS/cm 

DI 9.821 

RO 13.970 

Filtered tap 502.100 

 

Comparing to the results obtained with RO water, the KMI and BIT have lower uptake capacity 

in the presence of DI and filtered tap water. 

4.2.2 Influence of other cations on the uptake capacity 

Major cations that exist in wastewater might affect the ammonium ion uptake capacity especially 

those which have a high affinity for clinoptilolite such as calcium, potassium and magnesium [4]. 

Those cations typically exist in wastewater. Therefore; it is important to study the extent to 

which cations other than ammonium ion will be removed during the ion exchange process. 

Experiments in this part were done as explained in Section 3.2.1. Results are presented in Figure 

4.11. 
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Figure 4.11: Uptake performance of KMI clinoptilolite in presence of potassium, calcium, and 

magnesium. 

The effect of the presence of the other cations was examined separately for each relative to 

ammonium. Thus, each run was a binary exchange process of ammonium ion and a major cation.  

In one of these runs, ammonium ion was tested alone to provide comparison. Equivalent 

concentration for each cation was as follows: 1.0 meq K
+
/l, 2.0 meq Ca

++
/l, and 3.3 meq Mg

++
/l. 

The ammonium ion concentrations in the solution at equilibrium were measured as explained 

earlier, and the solid concentrations were determined by mass balance. The uptake data are 

presented in Table 4.12. 
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Table 4.12: Influence of presence of other cations on the ammonium ion uptake into KMI 

clinoptilolite. 

Initial 

N-NH4
+
, 

mg/l 

Percentage of removed ammonia Uptake capacity, meq/g 

NH4
+
 

only 

K
+
 Ca

++
 Mg

++
 NH4

+
 

only 

K
+
 Ca

++
 Mg

++
 

20 91.56 91.47 91.524 91.285 0.12 0.12 0.12 0.12 

80 91.56 91.76 91.52 91.62 0.48 0.48 0.48 0.47 

300 93.84 94.26 93.94 94.02 1.32 1.28 1.29 1.27 

400 94.48 94.8 94.72 94.82 1.58 1.48 1.50 1.47 

 

The uptake capacities are the highest for the solutions containing only the ammonium ions. At 

lower concentrations, in the range 20 and 80 N-NH4
+
 mg/l, variation in uptake capacity of 

different cations is scarcely noticed. But at higher levels, in the range 300 and 400 N-NH4
+
 mg/l, 

variations in uptake capacity are clearly noticed. Overall, the effect of the three cations upon 

uptake capacity is relatively small at the given amount of cations present in the solutions. 

Ammonia uptake capacities in the presence of magneisum are always the lowest, as shown in 

Table 4.12, which indicates that magnesium has the largest effect upon ammonium uptake. The 

effect of potassium and magnesium are almost identical, although most researchers agree that 

clinoptilolite has a high affinity for potassium relative to magnesium as discussed in Section 

2.2.2. At the given cation concentration, potassium had a higher impact on the ammonium uptake 

more than calcium had. Miladinovic and Weatherley [58], Table 4.13, and McVeigh and 

Weatherley [3], Table 4.14, studied the effect of potassium, calcium, and magnesium upon 

ammonium uptake.   
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Table 4.13: Ammonium ion uptake onto clinoptilolite in the presence of calcium, magnesium, 

and potassium at different ammonia concentration, Miladinovic and Weatherley [58]. 

Initial 

N-NH4
+
, 

mg/l 

Uptake capacity, meq/g 

 

NH4
+
 

only 

K
+
 Ca

++
 Mg

++
 

10 0.07 0.07 0.07 0.07 

40 0.26 0.26 0.24 0.28 

70 0.42 0.40 0.38 0.40 

90 0.49 0.46 0.44 0.46 

150 0.58 0.56 0.54 0.58 

200 0.61 0.60 0.57 0.61 

 

Table 4.14: Ammonium ion uptake onto clinoptilolite in the presence of calcium, magnesium, 

and potassium at different ammonia concentration, McVeigh and Weatherley [3]. 

Initial 

N-NH4
+
, 

mg/l 

Uptake capacity, meq/g 

 

NH4
+
 

only 

K
+
 Ca

++
 Mg

++
 

40 1.76 1.38 1.58 1.65 

 

Miladinovic and Weatherley [58] found that the order of cations preference was Ca
++

>K
+
>Mg

++
, 

while McVeigh and Weatherley [3] found the preference as K
+
>Ca

++
>Mg

++
 which agrees with 

most researchers. For this work, the order of preference is Mg
++

≈K
+
>Ca

++
. 
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4.2.2.1     Modeling of the uptake data 

The Langmuir and Freundlich models were introduced in Section 1.4.5 and are given in Equation 

1.20 and 1.21 respectively. These models were used to compare the equilibrium data obtained. 

The linear form of these equations is presented in Equation 1.20 and 1.21 respectively: 

 
 

  
 

 

    
 
 

 
 (1.20) 

            
 

 
      (1.21) 

All terms are explained in Section 1.4.5. After equilibrium was reached, Ce was measured and Qe 

was calculated by applying the mass balance on ammonium ions in the solution. Langmuir 

parameters, K and b, can be determined by plotting 1/Ce vs. 1/Qe; Intercept =1/b and 

1/(Kb)=slope. The Freundlich parameters can be determined by plotting logQe against logCe and 

by slope and intercept calculation. 

Knowing these parameters and using experimental data for Ce, the Langmuir and Freundlich 

theoretical Qe can be calculated. Detailed calculations of determining these Langmuir and 

Freundlich parameters are given in Appendix III. The fit to each model obtained for KMI 

clinoptilolite without and with other cations present in the solution are given in Figure 4.12-

Figure 4.15, and Table 4.15 shows the calculated isotherms’ parameters. 
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Figure 4.12: Equilibrium isotherm data for ammonium uptake onto KMI clinoptilolite fitted to 

the Langmuir and the Freundlich adsorption models. 

 

 

Figure 4.13: Equilibrium isotherm data for ammonium uptake onto KMI clinoptilolite in the 

presence of potassium fitted to the Langmuir and the Freundlich adsorption models. 
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Figure 4.14: Equilibrium isotherm data for ammonium uptake onto KMI clinoptilolite in the 

presence of calcium fitted to the Langmuir and the Freundlich adsorption models. 

 

Figure 4.15: Equilibrium isotherm data for ammonium uptake onto KMI clinoptilolite in the 

presence of magnesium fitted to the Langmuir and the Freundlich adsorption models. 
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Table 4.15: Langmuir and Freundlich parameters for KMI clinoptilolite. 

Langmuir parameters b K Kb R
2
 

NH4
+
 only 34.12 0.013457 0.459153 0.997 

Mg
++

 29.06 0.017087 0.496548 0.997 

Ca
++

 32.25 0.014697 0.473978 0.996 

K
+
 27.85 0.017521 0.48796 0.998 

Freundlich parameters  1/n logk R
2
 

NH4
+
 only 0.6067 -0.0377 0.960 

Mg
++

 0.5667 -0.01 0.954 

Ca
++

 0.5841 -0.0097 0.953 

K
+
 0.5764 -0.0062 0.961 

 

For the adsorption of ammonia with and without the presence of major cations onto KMI 

clinoptilolite the Langmuir model provides a slightly more consistent fit to the data compared 

Freundlich model.  This is more clear at high liquid concentration, while at low concentrations 

the fit is acceptable in both cases. This observation was also reported by Miladinovic and 

Weatherley [58] and Jorgenson and Weatherley [5]. Comparing the parameters obtained and 

shown in Table 4.15 for different cations present in the solution, the uptake data in the presence 

of calcium revealed Langmuir parameters are close to the experimental uptake data discussed 

previously. This finding agrees with the order of preference discussed earlier since calcium 

exhibited less effect on ammonium uptake performance. The parameter “Kb” in the Langmuir 

model provides an indication of how favorable the adsorption process is. Higher values are 

obtained when equilibrium is attained at high uptake of adsorbate [3].   The obtained “Kb” values 

confirm the order of uptake performance observed in the experiments. 
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It is worth mentioning that, besides the impact of the metal ions such as the cationic ions 

discussed in these experiments on the uptake of ammonia onto clinoptilolite, the presence of 

organic pollutants in the wastewater might has an impact on the ammonia removal too.  Nguyen 

and Tanner [114] studied the removal of ammonium ions from piggery wastewater and they 

found that the ammonium ion removal was much less than other waters due to the higher organic 

content presents in the piggery wastewater as the small suspended solids could block the pores of 

ion exchangers. Jorgenson and Weatherley [109] studied the impact of the presence of organic 

pollutants on the ammonium ion removal during ion exchange up to concentration of 50 ppm, 

and they observed only a minor influence on the ion exchange breakthrough behavior of 

clinoptilolite.   
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4.3 Kinetic studies 

The removal of ammonium ions from solution into and onto clinoptilolite surface and pores is a 

mass transfer process. The rate of the physio-chemi sorption mainly depends on internal and/or 

external diffusional resistances. In most ion exchange processes it is assumed that the actual 

exchange at the fixed site is very fast. The kinetics of ammonia removal onto KMI and BIT 

clinoptilolite were conducted based on the procedure explained in Section 3.2.2. Table 3.2 gave a 

clear description on how the parameters are being varied in kinetics studies. These studies 

compare the uptake of ammonia onto KMI and BIT clinoptilolite using the internal and external 

mass transfer models that discussed in Section 1.4.6. 

4.3.1 KMI clinoptilolite 

Results for the reduction of ammonia concentration over time due to adsorption onto KMI 

clinoptilolite are presented in Figure 4.16 - Figure 4.19. 

 

Figure 4.16: Ammonia uptake onto KMI clinoptilolite with different initial ammonia 

concentrations. 
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Figure 4.17: Ammonia uptake onto KMI clinoptilolite with different particle size. 

 

 

 

Figure 4.18: Ammonia uptake onto KMI clinoptilolite with different mixing speed. 
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Figure 4.19: Ammonia uptake onto KMI clinoptilolite with different amount of material. 
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model was used to estimate the external mass transfer coefficient, kf, for KMI clinoptilolite at M 

= 6.0 g. 

 

Figure 4.20: Estimation of the external mass transfer coefficient, kf, for KMI clinoptilolite at M = 

6.0 g using Furusawa-Smith model.  
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Table 4.16: External mass transfer coefficient, kf, for KMI clinoptilolite. If not changed in the 

table C0 = 50 mg N-NH4
+
/l, dp = 0.7-1.0 mm, M = 1.5 g KMI clino, mixing speed = 1200 rpm. 

Initial ammonia concentration 

(mg N-NH4
+
/l) 

kf x10
3
 (cm/s) R

2
 

50 5.489 0.973 

100 0.686 0.979 

150 1.372 0.878 

Mass of clinoptilolite (g)   

1.5 5.489 0.973 

3.0 5.812 0.931 

4.5 2.103 0.917 

6.0 7.164 0.978 

Mixing speed (rpm)   

500 7.547 0.958 

1200 5.489 0.973 

Particle diameter (mm)   

0.7-1.0 5.489 0.973 

1.0-1.4 5.811 0.999 

 

Ideally, the external mass transfer coefficient increased in the following conditions: 

- Decrease in the initial ammonia concentration; 

- Increase in the mass of the clinoptilolite; 

- Increase in the mixing speed; 

- Decrease in the particle size. 
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Based on the calculated values of kf  in Table 4.16, kf  sharply decreased when C0 was increased 

from 50 to 100 mg N-NH4
+
/l. The kf  values when the amount of ion exchanger was the varying 

parameter agrees with how the external mass transfer coefficient behave as statements mentioned 

above stated except that for M = 4.5 g clino. The kf value when mixing speed was 500 rpm was 

higher than kf when mixing speed was 1200 rpm and this result contradicts the hypothetical 

assumption stated above. During the experiment, it was noticed that when the mixing speed was 

1200 rpm bubbles were created in the vessel and this might affect the mass transfer of uptaking 

ammonia. Contradictory result also was observed when the particle size was the varying 

parameter.  
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Table 4.17: External mass transfer coefficient, kf, for New Zealand clinoptilolite, Miladinovic 

and Weatherley [4]. If not changed in the table C0 = 50 mg N-NH4
+
/l, dp = 0.7-1.0 mm, M = 1.5 

g KMI clino, mixing speed = 2000 rpm. 

Initial ammonia concentration 

(mg N-NH4
+
/l) 

kf x10
3
 (cm/s) R

2
 

50 18.1 0.978 

100 15.4 0.970 

150 9.1 0.957 

Mass of clinoptilolite (g)   

1.5 35.3 0.876 

3.0 18.1 0.978 

4.5 7.2 0.934 

6.0 6.8 0.954 

Mixing speed (rpm)   

500 9.1 0.996 

1500 16.3 0.988 

2000 18.1 0.978 

Particle diameter (mm)   

0.7-1.0 18.1 0.978 

1.0-1.4 12.7 0.989 
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4.3.1.2     Internal Mass Transfer Model 

The McKay model was applied to estimate the internal mass transfer coefficient, kd. The 

calculated internal mass transfer coefficient values for KMI clinoptilolite are shown in Table 

4.18. A detailed calculation example is given in Appendix IV. Figure 4.21 show how the McKay 

model was used to estimate the internal mass transfer coefficient, kd, for KMI clinoptilolite at M 

= 6.0 g. 

 

 

Figure 4.21: Estimation of the internal mass transfer coefficient, kd, for KMI clinoptilolite at M = 

6.0 g using McKay model. 

Internal mass transfer coefficient, kf, values for New Zealand clinoptilolite obtained by 

Miladinovic and Weatherley [4] are reviewed in Table 4.19 for comparison. 

 

y = 1.0589x - 0.3976 
R² = 0.9873 

-1

0

1

2

3

4

5

6

7

8

9

0 2 4 6 8 10

Q
t 

SQRT t 

6 g 

Series1

Linear (Series1)



166 

 

Table 4.18: Internal mass transfer coefficient, kd, for KMI clinoptilolite. If not changed in the 

table C0 = 50 mg N-NH4
+
/l, dp = 0.7-1.0 mm, M = 1.5 g KMI clino, mixing speed = 1200 rpm. 

Initial ammonia concentration 

(mg N-NH4
+
/l) 

kd (mg/g/min
0.5

) R
2
 

50 1.229 0.890 

100 1.075 0.994 

150 3.870 0.770 

Mass of clinoptilolite (g)   

1.5 1.229 0.890 

3.0 1.060 0.945 

4.5 0.697 0.999 

6.0 1.059 0.973 

Mixing speed (rpm)   

500 2.158 0.989 

1200 1.229 0.890 

Particle diameter (mm)   

0.7-1.0 1.229 0.890 

1.0-1.4 4.300 0.990 

 

Clearly, the internal mass transfer coefficient, kd, was changing as the varying parameters (initial 

concentration of ammonia, mixing speed, particle size, and amount of zeolite) were changing 

which suggests that the rate of exchange was not exclusively controlled by internal particle 

diffusion. However, some contradictory results were observed. For example, as the mixing speed 

increase the external film resistance decreases and the intraparticle become the controlled 
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resistance; hence, an increase in the internal mass transfer coefficient is expected but the 

opposite was observed. The values of kd increase from 1.229 to 3.870 mg/g/min
0.5

 as the initial 

concentration increased from 50 to 150 mg N-NH4
+
/l respectively, since the liquid film role 

become less important at high concentrations. Internal mass transfer coefficient decreased as the 

amount of ion exchanger increased in the solution. The increase of kd values with the increase in 

the particles size was unexpected, as the particle size increases the ions have further to travel 

through the zeolite phase and this is predicted in a higher resistance with increase in size. 
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Table 4.19: Internal mass transfer coefficient, kd, for New Zealand clinoptilolite, Miladinovic and 

Weatherley [4]. If not changed in the table C0 = 50 mg N-NH4
+
/l, dp = 0.7-1.0 mm, M = 1.5 g 

KMI clino, mixing speed = 2000 rpm. 

Initial ammonia concentration 

(mg N-NH4
+
/l) 

kd (mg/g/min
0.5

) R
2
 

50 1.67 0.988 

100 2.15 0.938 

150 2.67 0.901 

Mass of clinoptilolite (g)   

1.5 2.18 0.985 

3.0 1.67 0.988 

4.5 1.33 0.986 

6.0 1.29 0.994 

Mixing speed (rpm)   

500 1.35 0.868 

1500 1.52 0.923 

2000 1.67 0.988 

Particle diameter (mm)   

0.7-1.0 1.67 0.988 

1.0-1.4 1.66 0.985 

 

4.3.2 BIT clinoptilolite 

Results for the reduction of ammonia concentration over time due to adsorption onto KMI 

clinoptilolite are presented in Figure 4.22- 4.25. 
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Figure 4.22: Ammonia uptake onto BIT clinoptilolite with different initial ammonia 

concentrations. 

 

 

Figure 4.23: Ammonia uptake onto BIT clinoptilolite with different particle size. 

 

 

0.86

0.88

0.9

0.92

0.94

0.96

0.98

1

1.02

0 20 40 60 80

C
t/

C
0

 

time (min) 

BIT, M=1.5 g clino, size=0.7-1.0 mm, 
C0=50, 100, and 150 mg N-NH4+/l 

50 mg N-NH4+/l

100 mg N-NH4+/l

150 mg N-NH4+/l

0.93

0.94

0.95

0.96

0.97

0.98

0.99

1

1.01

0 20 40 60 80

C
t/

C
0

 

time (min) 

BIT, M=1.5 g clino, C0=50 mg N-
NH4+/l, size=0.7-1.0, and 1.0-1.4 mm 

0.7-1.0 mm

1.0-1.4 mm



170 

 

 

Figure 4.24: Ammonia uptake onto BIT clinoptilolite with different mixing speed. 

 

 

 

 

Figure 4.25: Ammonia uptake onto BIT clinoptilolite with different amount of material. 
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BIT clinoptilolite has contrasting behavior compared to KMI when the ammonia concentration in 

the solution is increased. The BIT uptake removal is enhanced when the initial ammonia 

concentration is increased.  Also, the uptake removal of BIT is enhanced when the particle size is 

increased which is opposite to the finding with KMI clinoptilolite. However, Miladinovic and 

Weatherley [4] noticed the same behavior of BIT when increasing the particle size. BIT uptake 

removal performance was not enhanced when increasing the mixing speed, and this was not 

expected. 

4.3.2.1     External Mass Transfer Model 

For KMI clinoptilolite, the external diffusion coefficients were calculated based on the 

Furusawa-Smith model, Equations 1.22 and 1.23, and the results are tabulated in Table 4.20. 
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Table 4.20: External mass transfer coefficient, kf, for BIT clinoptilolite. If not changed in the 

table C0 = 50 mg N-NH4
+
/l, dp = 0.7-1.0 mm, M = 1.5 g KMI clino, mixing speed = 1200 rpm. 

Initial ammonia concentration 

(mg N-NH4
+
/l) 

kf x10
3
 (cm/s) R

2
 

50 0.473 0.906 

100 0.473 0.937 

150 2.362 0.922 

Mass of clinoptilolite (g)   

1.5 0.473 0.906 

3.0 0.400 0.981 

4.5 1.448 0.994 

6.0 2.96 0.985 

Mixing speed (rpm)   

500 3.307 0.960 

1200 0.473 0.906 

Particle diameter (mm)   

0.7-1.0 0.473 0.906 

1.0-1.4 2.670 0.932 

 

The values of the external mass transfer coefficient, kf, obtained totally agree with the 

performance of BIT uptake removal presented in Figure 4.22 to Figure 4.25. The kf value jumped 

from 0.473 to 2.362 (cm/s) when the initial concentration increased from 50 to 150 mg N-NH4
+
/l, 

respectively. Though, no change was observed when the initial concentration increased from 50 

to 100 mg N-NH4
+
/l. A significant increase in kf value was obtained when the amount of BIT 
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used in the experiment increased above 3 g whereupon a maximum kf value was obtained at 6 g 

of KMI. kf sharply decreased when the mixing speed was increased. And as the particle size was 

increased, the kf value was significantly increased, see Table 4.20. 

4.3.2.2     Internal Mass Transfer Model 

The  McKay model was applied to estimate the internal mass transfer coefficient, kd, for BIT and 

the calculated coefficients are shown in Table 4.21. A summary of the kinetics experiments is 

presented in Table 4.22. For initial ammonia concentration, particle size, and mixing speed 

parameter the internal mass transfer coefficients for BIT had the same behavior of internal mass 

transfer coefficient for KMI. 
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Table 4.21: Internal mass transfer coefficient, kd, for BIT clinoptilolite. If not changed in the 

table C0 = 50 mg N-NH4
+
/l, dp = 0.7-1.0 mm, M = 1.5 g KMI clino, mixing speed = 1200 rpm. 

Initial ammonia concentration 

(mg N-NH4
+
/l) 

kd (mg/g/min
0.5

) R
2
 

50 0.958 0.962 

100 1.023 0.985 

150 5.124 0.890 

Mass of clinoptilolite (g)   

1.5 0.958 0.962 

3.0 0.281 0.932 

4.5 0.645 0.921 

6.0 0.841 0.976 

Mixing speed (rpm)   

500 1.829 0.996 

1200 0.958 0.962 

Particle diameter (mm)   

0.7-1.0 0.958 0.962 

1.0-1.4 2.616 0.917 
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Table 4.22: Summary of kinetics studies. 

Parameter KMI BIT New Zealand [4] 

 Uptake removal rate 

Initial concentration + - + - 

Particle size + - + + 

Mixing speed +  + - + 

Amount of clino + + + + 

 kf 

Initial concentration + - + - 

Particle size + + + - 

Mixing speed +  - - + 

Amount of clino + + + - 

 kd 

Initial concentration + + + + 

Particle size + + + 0 

Mixing speed +  - - + 

Amount of clino + - + - 

+ means increase, - means decrease, 0 no change 
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4.4 Aeration studies 

4.4.1 SEM analysis for porous membrane 

SEM analysis was carried out for all membrane types in the Microscopy and Analytical Imaging 

Laboratory at KU following the same procedure carried out for analysis of clinoptilolite samples 

in Section 3.1.1.1. SEM photos for the membranes used in this work are presented in Figure 

4.26-Figure 4.29. Very high magnification (14 k X) was used. An important benefit of using 

SEM analysis is that the foulants do not have to be removed from the membrane in order to be 

analyzed.  

 

Figure 4.26: SEM analysis of PP membrane. 
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Figure 4.27: SEM analysis of Nylon membrane. 
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Figure 4.28: SEM analysis of PES membrane. 
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Figure 4.29: SEM analysis of PTFE membrane. 

 

SEM analysis was used to study the morphology of the membranes used in this work. Some 

parameters can be directly obtained from the SEM images such as the number of pores per 

surface unit and porosity [151]. Membrane specifications are summarized in Table 3.3. In this 

work, different pore sizes were selected to test the proper pore size by which the best aeration 

could be reached. The pore size used in this work was 0.1 µm for PP and Nylon membranes and 

0.2 µm for PTFE and PES. Regular pores were recognized in Figure 4.26, Figure 4.27, and 

Figure 4.28 which are associated with PP, Nylon, and PES membranes respectively. No regular 

pore was detected for PTFE. Macro pores were observed in PP SEM image. Comparing to PES, 

obviously both PP and Nylon membranes have smaller pore size which agrees with the data 
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provided by the manufacturers.  Due to the hydrophobic character of the membranes the water 

droplets repelled and the pores remain dry.  

4.4.2 Water deoxygenation 

As outlined in Section 3.2.3, filtered tap water was deoxygenated with sodium sulfite, Na2SO3. 

Equation 3.1 was used to determine that 167.5 mg sodium sulfite is needed to deoxygenate 2.5 L 

of water. On the other hand, Mayernick and Weatherley [152] found after some trial and error, 

the appropriate amount of sodium sulfite to deoxygenate 2.5 L of tap water for 45 minutes was 

determined to be approximately 250 mg. However, when 250 mg sodium sulfite was stirred with 

2.5 L of tap water it took more than 60 minutes, see Figure 4.30 to achieve a steady state 

concentration of oxygen. Therefore; 350 mg sodium sulfite was used to deoxygenate 2.5 L of tap 

water for the rest of the experiments. This amount took approximately 30-40 minutes for a zero 

DO concentration to be reached.  

 

Figure 4.30: Deoxygenation of 2.5 L tap water by 2.5 mg sodium sulfite. 
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4.4.3 Membranes performance 

After deoxygenation, the water vessel was reoxygenated and the DO concentration in water was 

measured with time. The performance of membranes used in this work is presented in Figure 

4.31-Figure 4.34.  

 

Figure 4.31: Silicon tube membrane oxygenation at different pressures.  
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Figure 4.32: Porous membrane oxygenation at P = 1.0 psi. 

 

 

 

Figure 4.33: Porous membrane oxygenation at P = 4.0 psi. 
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Figure 4.34: Porous membrane oxygenation at P = 8.0 psi. 

 

For the silicon tube membrane, no difference was observed in the oxygen transfer rate when 

pressure changed from 15 to 25 psi. It took approximately 300 minutes to reach 7.5 mg DO/l at 

15 and 25 psi. Compared to the silicon tube membrane, the porous membrane showed a better 

performance at all pressure levels used. 

PTFE showed the best performance at the pressure levels used. At 1.0 and 4.0 psi, PP conducted 

aeration better than PES but at 8.0 psi, both PP and PES showed identical performance. Nylon 

gave the worst performance, compared to the other porous membranes, taking more than 60 

minutes to reach 7.5 mg DO/l. 

Despite having similar pore size, aeration with PTFE reached 100% saturation within 10 minutes 

while with PES it took 60 minutes to reach 90% saturation at 4.0 psi. At 8.0 psi, PES, and PP 

reached saturation after 15 minutes. 
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4.4.4 Overall mass transfer coefficient 

The overall mass transfer coefficient, kL.a, was calculated experimentally by measuring the DO 

concentration over time. Equation 2.36 represents the oxygen flux through the membrane. The 

oxygen transfer rate through the membrane is described in Equation 4.1: 

 
     

  
    (   

      ) (4.1) 

where 
     

  
  is the oxygen transfer rate through the membrane. All other parameters in Equation 

4.1 are explained previously in Section 2.5.2. Integrating Equation 4.1 results in      as a 

function of time as shown in Equation 4.2 and 4.3: 

 ∫
     

(   
      )

 

  

  

   ∫  
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  (   

    ) 
     (4.3) 

Where, 

- Ct- is the oxygen concentration at time t, mg/l; 

- C0- is the initial oxygen transfer, mg/l 

 Equation 4.3 can be rearranged and by taking the natural log of both sides Equation 4.4 is 

formed: 

   (
   
    

   
    

)        (2.37) 
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Plotting ln(
   
    

   
    

) versus time gives a straight line slope equals to - kL.a. A representative 

diagram of overall mass transfer coefficient for PES membrane is given in Figure 4.35.  

 

 

 

Figure 4.35: Determination of overall mass transfer coefficient of PES membrane at 1.0 psi. 
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Table 4.24: Overall mass transfer coefficients of porous membranes at various pressures. 

Pressure, P 

(psi) 

kL.a (min
-1

) 

PES PTFE Nylon PP 

1 0.0241 0.0961 0.0171 0.0352 

4 0.0701 0.2614 0.0342 0.2531 

8 0.111 0.2839 0.0578 0.3927 

 

Overall mass transfer coefficients of the porous membranes are higher than that of silicon 

membrane tube. For the porous membranes, PTFE gave the highest overall mass transfer 

coefficient at 1.0 and 4.0 psi. At 8.0 psi, PP showed a higher overall mass transfer coefficient 

than the PTFE. Without the determination of overall mass transfer coefficients, this finding 

cannot be obtained by oxygenation figure of porous membrane at 8.0 psi. Based on the pore size 

comparison, the overall mass transfer coefficient for PP was nearly 1 order of magnitude greater 

than the overall mass transfer coefficient for nylon at 4.0 and 8.0 psi. The overall mass transfer 

coefficient for the PTFE is 4 times greater than the overall mass transfer coefficient for PES at 

1.0 and 4.0 psi, and 2.5 times greater at 8.0 psi. 

Equation 4.1 is based on the two-film theory which hypothetically assumes existence of two 

films, one film exists in the gas phase adjacent to the liquid and the other film exists in the liquid 

phase adjacent to the gas. The two-films are represented in Figure 4.36. 

Based on the argument that made in Section 2.5.2, which stated that the mobility of oxygen 

molecules in the gas phase is much greater than the mobility of oxygen molecules in the liquid 

phase and thus the only resistance should be considered is the liquid resistance, and the gas and 

membrane resistance can be neglected, Figure 4.36 is reduced to Figure 4.37. 
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Figure 4.36: Two-film theory for gas transfer. 
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Figure 4.37: Liquid film layer resistance. 

In Figure 4.36 and Figure 4.37, Ci is the interfacial oxygen concentration and at the same time it 

is the oxygen saturation concentration   
 , and can be determined by Henry’s law as discussed in 

Section 2.5.2. Ct is the oxygen concentration in the liquid phase (    ). 
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Oxygen is transferred to the liquid phase as long as the oxygen saturation concentration is greater 

than the oxygen concentration in the liquid phase. If both concentrations are equal, then the 

process is at equilibrium as seen in the oxygenation figures that discussed previously. To attain 

the highest transfer rate, the following conditions [153] must be met: 

- The renewal rate of the interface should be high. 

- The liquid film layer should be small. 

The first condition simply enhances the driving force, i.e., the difference in concentration, since 

the rapid circulation of the elemental volumes that reside at the interface results in higher oxygen 

mass transfer. The second condition enhances the liquid mass transfer coefficient, kL, as the 

relation between kL and the liquid film layer is an inverse relationship.  
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4.5 Column studies 

KMI clinoptilolite in the initial sodium form was used for all the experimental column work, 

except for the bio-regeneration studies, as this is typical of its use in industry and has been 

observed to be most effective in the removal of ammonia [3]. 

 

4.5.1 Silicon tube membrane column 

4.5.1.1 Column without bacteria 

In this part, KMI and BIT clinoptilolite were examined. Figure 4.38-Figure 4.39 show a 

comparison of the performance of KMI and BIT clinoptilolite, respectively, in two runs. As 

shown in those figures, the performance of these columns was quantified in terms of 

breakthrough curves where the ratio of effluent/initial ammonium concentration is plotted 

against the bed volumes treated. The feed solution used was ammonia in filtered tap water. 
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Figure 4.38: The breakthrough charecteristics for ammonium uptake onto KMI clinoptilolite for 

two runs. Downflow, initial ammonia concentration: 20 mg N-NH4
+
/l, particle size: 0.42-1.41 

mm, flowrate: 13.7 BV/hr (22 L/hr), bed height: 32 cm. 
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Figure 4.39: The breakthrough charecteristics for ammonium uptake onto BIT clinoptilolite for 

two runs. Downflow, initial ammonia concentration: 20 mg N-NH4
+
/l, particle size: 0.42-1.41 

mm, flowrate: 13.7 BV/hr (22 L/hr), bed height: 32 cm. 

 

One way to compare the breakthrough curves is by finding the breakthrough point which is the 

point where the column is unable to accommodate the exchange zone length, and it can be found 

by a specific percentage of Ct/C0 on the breakthrough curve. It could be at 4% [5] or 5% [58]. 

For this work, 5% Ct/C0 was chosen to indicate the breakthrough point. A demonstrative diagram 

is presented to how to find the breakthrough BV, see Figure 4.40. The uptake capacity was 

calculated for the KMI and BIT columns based on the calculations given in Appendix V. The 

breakthrough BV and the uptake capacities for Figure 4.38 and Figure 4.39 are tabulated in 

Table 4.25.  
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Figure 4.40: A representative figure of how to find the breakthrough BV. 

Table 4.25: Breakthrough BV and uptake capacities for Figure 4.38 and Figure 4.39. 

 KMI BIT 

 Run # 1 Run # 2 Run # 1 Run # 2 

5% Breakthrough 

point (BV) 
240 240 120 110 

Uptake column 

capacity (meq/g) 
0.38 0.38 0.18 0.17 

 

In all runs, batches of fresh KMI and BIT clinoptilolite were used. For the silicon tube column 

with height of 32 cm, the BV is equal to 1.605 L. The KMI breakthrough curves for both runs are 

sharper than the BIT breakthrough curves, and that is an indication of better performance of the 

KMI column over the BIT column. KMI breakthrough BV was found to be 240BV, while BIT 

breakthrough point started only after 120BV for the first run. This is a significant difference. A 

number of possible explanations may explain the difference in the breakthrough of KMI and BIT 

clinoptilolite columns. This may related to capacity differences between the two batches or 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0 50 100 150 200 250 300 350

C
t/

C
0

 

BV 

Finding breakthrough BV, KMI run #1 

Vb 



193 

 

perhaps due to different structure characteristics which would influence the kinetics which in 

turn would be reflected in the breakthrough behavior.  For the second run, the BIT column 

performed less well than in the first run since it was found that only 110BV of feeding solution 

was enough to saturate the BIT column. The uptake capacity of the KMI column is double the 

uptake capacity of the BIT column. Even in the batch equilibration uptake experiments, KMI 

performed better than BIT. Therefore; it was decided to continue the rest of the columns studies 

with the KMI clinoptilolite as an effective ion exchanger in the packed bed column.  

Miladinovic and Weatherley [58], obtained a column capacity of 0.76 for the New Zealand 

clinoptilolite. However, the BV used in their work was 211.95 cm
3
 and they used DI water 

instead of tap water. Also, the flowrate they used was 4BV/hr. 

In the experiments discussed above, the feed solution was assumed to be free of Mg
++

, K
+
, and 

Ca
++

 ions which is not the case when treating real wastewater and thus, the uptake capacity is 

expected to be dropped.  

To examine the effect of the aeration on the hydrodynamics of the silicon tube column, an 

experiment was conducted to check whether the aeration within the silicon column would have 

any impact on the ammonia removal. Figure 4.41 shows the comparison between the ammonia 

uptakes in the silicon tube column packed with KMI clinoptilolite with and without aeration. The 

breakthrough BV and the uptake capacities are presented in Table 4.26. 
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Figure 4.41: The uptake values for column packed with KMI clinoptilolite fitted with the silicon 

aeration tube. Downflow, initial ammonia concentration: 20 mg N-NH4
+
/l, particle size: 0.42-

1.41 mm, flowrate: 13.7 BV/hr (22 L/hr), bed height: 32 cm, P=25.0 psi. 

Table 4.26: Breakthrough BV and uptake capacities for Figure 4.41. 

 KMI 

 No aeration Aeration 

5% Breakthrough 

point (BV) 
240 260 

Uptake column 

capacity (meq/g) 
0.38 0.41 

 

Based on Figure 4.41 and Table 4.26, it was found that the aeration slightly enhanced the uptake 

removal. It was observed during the experiment that large air bubbles were not formed which 

may have an impact on the mass transfer within the column. However, air is still introduced to 

the aerated column and it might enhance the ion exchange process. On the other hand if there is 

build up of gas hold-up in the column this may inhibit contact between the water and zeolite. 
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Also the effective residence time for the liquid flow through the column may be reduced in such 

cases. The previous study [58] showed no impact of aeration on the packed column performance.  

The impact of the bed height on the column performance was examined. For the column fitted 

with the silicon aeration tube, two bed heights used, 27 cm and 32 cm respectively, and the 

results are presented in Figure 4.42. The breakthrough BV and the uptake capacities are 

presented in Table 4.27. 

 

Figure 4.42: The impact of the bed height on the performance column fitted with silicon tube 

aeration tube. Downflow, initial ammonia concentration: 20 mg N-NH4
+
/l, particle size: 0.42-

1.41 mm, flowrate: 13.7 BV/hr (22 L/hr) 

  

0

0.2

0.4

0.6

0.8

1

0 200 400 600 800

C
t/

C
0

 

BV 

KMI, no bacteria, downflow, 
flowrate=22L/hr, C0=20 mg/l 

h=27 cm

h=32 cm



196 

 

Table 4.27: The breakthrough BV and the uptake capacities for Figure 4.42.  

 KMI 

 h=32 cm h=27 cm 

5% Breakthrough 

point (BV) 
240 140 

Uptake column 

capacity (meq/g) 
0.38 0.22 

 

As expected, the higher the bed was, the more ion exchangers were existed in the column and as 

a result later breakthrough point was established. The low capacities obtained in Table 4.27 may 

referred to the high flowrate used (22 L/hr) and to the low initial concentration used in the 

experiment. Therefore, it was intended to modify the designed experiment parameters and to 

choose higher initial ammonia concentration. The next figure was conducted to test the flowrate 

impact on the silicon column performance packed with KMI clinoptilolite at initial ammonia 

concentration of 40 N-NH4
+
/l.  

Table 4.28 shows the breakthrough BV and the uptake capacities for Figure 4.43. 
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Figure 4.43: The impact of the bed height on the performance column fitted with silicon tube 

aeration tube. Downflow, initial ammonia concentration: 40 mg N-NH4
+
/l, particle size: 0.42-

1.41 mm, bed height: 27 cm. 

Table 4.28: The breakthrough BV and the uptake capacities for Figure 4.43. 

 KMI 

 Flowrate = 13.7 

BV/hr (22 L/hr) 

Flowrate = 0.74 

BV/hr (1 L/hr) 

5% Breakthrough point 

(BV) 
140 195 

Uptake column capacity 

(meq/g) 
0.45 0.63 

 

When the flowrate was 0.74 BV/hr (1 L/hr), the start of the breakthrough was shifted towards the 

higher number of BV (195BV). As discussed in Section 2.2.3, the lower flowrate results in the 

better breakthrough curve as shown in Figure 4.43. Because of the low flowrate the confronted 

zone of ion exchanger was highly utilized. Hence, when the confronted zone reached the end of 

the column, the column was hypothetically 100 % utilized. 
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Obviously, the initial ammonia concentration has a significant impact on the column uptake 

capacity which was doubled as the initial ammonia concentration increased to 40 mg N-NH4
+
/l. 

4.5.1.2     Silicon tube column with bacteria 

In this section, the Nitrosomonas europea was loaded on KMI clinoptilolite column. Thus, the 

column became a biologically active column. Clinoptilolite in this case has a dual function, to 

support the Nitrosomonas europea as a surface and to capture ammonium ions from the feed 

solution. Nitrosomonas europea was supposed to oxidize the ammonium ion existing in the free 

solution. Figure 4.44 provides a comparison between the biologically active and non active 

columns which were both fitted silicon aeration tubes. The breakthrough BV and the uptake 

capacities for Figure 4.44 are presented in Table 4.29. The feed solution used in this part is 

ammonium chloride dissolved in filtered tap water. Nutrient, which was made of the chemicals 

that outlined in Section 3.2.4.4, was added to the 120 L storage tank. 
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Figure 4.44: Column breakthrough biologically active and non active silicon tube column. 

Downflow, initial ammonia concentration: 40 mg N-NH4
+
/l, particle size: 0.42-1.41 mm, bed 

height: 27 cm, P=25 psi. 

Table 4.29: The breakthrough BV and the uptake capacities for Figure 4.44. 

 KMI 

 No bacteria Bacteria 

5% Breakthrough 

point (BV) 
140 115 

Uptake column 

capacity (meq/g) 
0.45 0.37 

 

 

No improvement was observed in the inoculated column when compared to the non active 

column. In fact, the uptake capacity of the active column is lower than that of the non active 

column, and the BV breakthrough was reached at 115BV. A possible explanation for this 

situation is that the silicon tube membrane was not introducing enough oxygen to the column and 

therefore the biological material became inactive material and block part of clinoptilolite surface 
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from exchanging ions. Hence, the performance of the active column reduced. Also, it must be 

mentioned that the flow rate was high compared to those studies in previous published research 

[3,5,6,58]. Therefore, it was chosen to reduce the flowrate to 4 BV/hr. The porous membranes 

exhibited high performance in the aeration studies and were expected to conduct oxygen with 

acceptable transfer rate. By eliminating these two drawbacks, some enhancement was expected 

in the porous membrane column when bacteria are loaded onto the column.  

4.5.2 Porous membrane columns 

Feed solutions, for the porous membrane columns, were exactly same as the feed solutions used 

for the studies on biological activity in the columns fitted the silicon tube membrane as 

previously described. The Bed Volume for the porous membrane column was 1.415L, and the 

flowrate was 4 BV/hr (5.6 L/hr). The air pressure was maintained at 1.5 psi for all columns.  

4.5.2.1    PES membrane column 

A comparison between the biologically active and non active PES membrane column is shown in 

Figure 4.45. Also, the breakthrough BV and the uptake capacities for Figure 4.45 are shown in 

Table 4.30. 
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Figure 4.45: Biologically active and non active PES membrane column. Upflow, initial ammonia 

concentration: 40 mg N-NH4
+
/l, particle size: 0.42-1.41 mm, bed height: 27 cm, P=1.5 psi. 

Table 4.30: The breakthrough BV and the uptake capacities for Figure 4.45. 

 KMI, PES membrane 

 No bacteria Bacteria 

5% Breakthrough 

point (BV) 
110 165 

Uptake column 

capacity (meq/g) 
0.38 0.56 

 

 

As shown in Figure 4.45, the non active porous membrane column was performed well until 110 

BV of synthetic wastewater had passed through the bed, while the biologically active porous 

column treated a further 55BV before breakthrough. This is a significant improvement, and the 

presence of bacteria in the column significantly enhanced the columns’ performance. The 

effective breakthrough uptake capacity was increased from 0.38 to 0.56 meq/g. Miladinovic and 

Weatherley [58] noticed an increase in the breakthrough uptake capacity from 0.15 to 0.22 meq/g 
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when the bacteria were introduced to the column they used. In Figure 4.45, both curves behaved 

differently, and they had different slopes, where the active column had a sharper breakthrough 

curve. 

4.5.2.2    PTFE membrane column 

The performance of the biologically activated and non activated PTFE membrane columns is 

compared in Figure 4.46, and the breakthrough uptake capacities are shown in Table 4.31. 

 

 

Figure 4.46: Biologically active and non active PTFE membrane column. Upflow, initial 

ammonia concentration: 40 mg N-NH4
+
/l, particle size: 0.42-1.41 mm, bed height: 27 cm, P=1.5 

psi. 
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Table 4.31: The breakthrough BV and the uptake capacities for Figure 4.46. 

 KMI, PTFE membrane 

 No bacteria Bacteria 

5% Breakthrough 

point (BV) 
105 140 

Uptake column 

capacity (meq/g) 
0.35 0.47 

 

The PTFE membrane column that contained bacteria performed better than the one without 

bacteria. The breakthrough capacity calculations in Table 4.31highlight this finding. However, 

the slope of curves behaved similarly, which means that bacteria only postponed the 

breakthrough and once it started, the kinetics of the physisorption process was much faster [58].   

4.5.2.3    PP membrane column 

Figure 4.47 shows the breakthrough curves for both the biologically activated and non activated 

PP membrane column. The breakthrough BV and the uptake capacities for Figure 4.47 are 

presented in Table 4.32.   
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Figure 4.47: Biologically active and non active PP membrane column. Upflow, initial ammonia 

concentration: 40 mg N-NH4
+
/l, particle size: 0.42-1.41 mm, bed height: 27 cm, P=1.5 psi. 

Table 4.32: The breakthrough BV and the uptake capacities for Figure 4.47. 

 KMI, PP membrane 

 No bacteria Bacteria 

5% Breakthrough 

point (BV) 
130 200 

Uptake column 

capacity (meq/g) 
0.43 0.67 

 

 

The PP membrane column with the biologically active material performed better than the non 

active PP membrane column. The breakthrough uptake capacity jumped from 0.43 to 0.67 

meq/g. Also, the active PP membrane column had sharper breakthrough column.  

  

0

0.2

0.4

0.6

0.8

1

0 200 400 600 800

C
t/

C
0

 

BV 

PP column, P=1.5 psi, h=27 cm, 
fl=4BV/hr 

No bacteria

Bacteria



205 

 

4.5.2.4    Nylon membrane column 

The performance of the active and non active Nylon membrane column are presented in Figure 

4.48, and the breakthrough BV and the uptake capacities based on Figure 4.48 are presented in 

Table 4.33. 

 

Figure 4.48: Biologically active and non active Nylon membrane column. Upflow, initial 

ammonia concentration: 40 mg N-NH4
+
/l, particle size: 0.42-1.41 mm, bed height: 27 cm, P=1.5 

psi. 

Table 4.33: The breakthrough BV and the uptake capacities for Figure 4.48. 

 KMI, Nylon membrane 

 No bacteria Bacteria 

5% Breakthrough 

point (BV) 
150 110 

Uptake column 

capacity (meq/g) 
0.51 0.37 
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Unlike other porous membranes columns, the non activated Nylon membrane column performed 

better than the activated column.  Although the slopes of the breakthrough curves are similar. 

This might be on account of the relatively poor performance of the Nylon membrane as 

mentioned in the aeration studies described in Section 3.3.2. 

The porous membrane columns in the presence of nitrifying bacteria show significant 

enhancement of ammonia removal as an evidence of the combination process (ion exchange 

process and nitrification) was being intensified.    

4.5.3 Porous membrane columns: Comparison 

In this section, a comparison between the porous membranes columns for those with and without 

biologically active material will be made. Figure 4.49 shows the performance of the porous 

membranes columns used in this work. Table 4.34 gave the calculated breakthrough capacities 

and breakthrough BVs. 

 

 

Figure 4.49: Biologically free porous membranes columns. 
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Table 4.34: The breakthrough BV and the uptake capacities for Figure 4.49. 

 KMI, No bacteria 

 PES PTFE PP Nylon 

5% Breakthrough 

point (BV) 
110 105 130 150 

Uptake column 

capacity (meq/g) 
0.38 0.35 0.43 0.51 

 

The packed beds were set up with the same bed volume and the same particle size so the 

residence times were similar. Although breakthrough curves shown in Figure 4.49 had slightly 

different breakthrough points,  within the limits of experimental error they share the same 

breakthrough curve profile. The 0.1 μm pore size membrane, PP and Nylon, had the highest 

treated volumes of feed solution before the breakthrough took place, while the membrane with 

the 0.2 μm pore size were the membranes that had the lowest BVs at the breakthrough point. The 

column fitted with the Nylon membrane had the highest breakthrough capacity of 0.51 meq/g. 

Since the permeability of the porous membrane is not the same as shown in the aeration studies, 

the amount of air existing in each column during the cycle was also different. Thus, the  presence 

of air could affect the column hydrodynamics and thus the uptake capacity of each column. 

During the experiments, bubbles were formed and this observation might support the effect of 

aeration on the columns hydrodynamics. 

It seems, by reviewing the literature, the type of the feed solution has a great impact on the 

column capacity. Miladinovic and Weatherley [58] used DI and creek water as a feed solution 

for the non active column and the column capacity dropped from 0.76 to 0.48 meq/g respectively 

for the New Zealand clinoptilolite column. The batch studies described in this work, where the 
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effects of presence of other major metal ions were studied, confirmed this finding as the metal 

ions are expected to compete with ammonium ions for the clinoptilolite vacant sites. 

Figure 4.50 introduced the comparison between the biologically activated porous membrane 

columns, and the breakthrough BV points are given in Table 4.35 

 

Figure 4.50: Biologically active porous membranes columns. 
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Table 4.35: The breakthrough BV and the uptake capacities for Figure 4.50. 

 KMI, Bacteria 

 PES PTFE PP Nylon 

5% Breakthrough 

point (BV) 
165 140 200 110 

Uptake column 

capacity (meq/g) 
0.56 0.47 0.67 0.37 

 

 

The feed solution used for the biologically active and non active porous membrane columns was 

the same. This was to quantify the impact of presence of nitrifying bacteria on the removal of 

ammonium ion. The ammonium ion concentration in the inlet feed was chosen to be 40 mg N-

NH4
+
/l instead of 20 mg N-NH4

+
/l, since the nitrification kinetics would be improved due to the 

higher substrate concentration within the ion exchange column. Initially 50 ml of rich nitrifying 

bacteria were added to a solution of very low ammonia ion concentration (1-0.5 mg N-NH4
+
/l). 

The bacteria concentration of the combined solution was measured at OD600 by 

spectrophotometer and then it was circulated in the column to loaded the bacteria on the column.  

Bacteria concentration of the effluent solution was re-measured at OD600. Time was allowed for 

bacteria to be attached and immobilized. For example, the biomass of the PP membrane column 

was measured before the bacteria solution was introduced to the column and the absorbance was 

found at OD600 equal to 0.062 and after the bacteria solution circulated it was found that its 

absorbance was 0.023 when measured at OD600. The binding effeciecny of bacteria was then 

calculated and it was 63%. In all the columns, the attached bacteria were more than 60% of the 
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circulated bacteria. The remaining bacteria were either washed out or were unable to attach to the 

clinoptilolite.  

The PP membrane column was found to be the best column that had the highest performance and 

the highest breakthrough capacity of 0.67 meq/g. Followed by PP, PES membrane column came 

secondly with a breakthrough uptake capacity of 0.56 meq/g. There was a significant difference 

in the PP and Nylon membrane columns performance, although they shared the same pore size 

which is 0.1 μm. There are some differences in the profiles of breakthrough curves. The PP 

breakthrough curve had a sharp S-shaped curve comparing to other porous membrane 

breakthrough curves, followed by PES membrane column. The PTFE and Nylon breakthrough 

curves although S-shaped overall are flatter. Obviously, biological material only improved the 

ammonia removal process before breakthrough was reached since all curves had the same 

general  S-shape. KMI clinoptilolite, apparently, has the ability to act as a support for 

immobilized bacteria. These results confirmed that the adsorption method as an immobilization 

technique was found to be an effective method. It was simple to implement and it was found to 

be an economic method to apply. Table 2.4 provides a summary of the previous researcher’s 

results on the batch and column capacity. Different researchers used different setup design, 

materials, and operational conditions. However, Table 2.4 was helpful especially in the design 

stage of this work and most of the provided results in this table were compared to the results in 

this work. 

The nitrite concentration was measured for the porous membrane columns based on the 

procedure given in Section 3.3.2. Figure 4.51 and Figure 4.52 shows the nitrite production of 

biologically enhanced PES/PTFE  and PP/Nylon membrane columns, respectively.  
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Figure 4.51: Nitrite production of biologically enhanced PES and PTFE membrane columns. 

 

Figure 4.52: Nitrite production of biologically enhanced PP and Nylon membrane column. 

Figure 4.51 and Figure 4.52  show the production of nitrite during the uptake runs, comparing 
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from the PES and PTFE columns ranged between 5 and 20 mg NO2
-
/l until a sudden exponential 

increment occurred at approximately 450BV. The same observation was noticed for the PP and 

Nylon column with an increment occurred at the end of the experiment. More nitrite was 

produced within the PES column compared to PTFE column. This agrees with breakthrough 

capacity calculations as PES showed higher breakthrough capacity. More nitrite was produced in 

the PP and Nylon fitted columns compared to the PES and PTFE columns. For 300BV, as shown 

in Figure 4.52, PP column had higher nitrite concentration than Nylon column. Around 600BV, 

nitrite concentration in the Nylon column is higher than the PP column. A possible explanation 

for this behavior is that Nylon column reached the breakthrough point 90BV earlier than PP, 

therefore; the Nylon column reached 100 % exhaustion earlier than the PP column. The time 

required for the PP column to reach 100 % exhaustion was the same as for the experiment in 

which ammonia was only removed in Nylon column by bacteria. This would help explain why 

the high nitrite concentration in the eluent occurred in the last stages of the experiment.  This was 

not the case in the PES/PTFE columns, since both columns reached breakthrough closely. Next 

figure shows the oxygen concentration through biologically active and non active PP and Nylon 

membrane columns.  
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Figure 4.53: Oxygen concentration through biologically active and non active PP and Nylon 

membrane columns. 

There is a significant indication found in Figure 4.53 that the bacteria-free columns, for both PP 

and Nylon, had higher oxygen concentration than the biologically activated columns. The 

difference may be readily explained by the lack of nitrification in the bacteria-free columns. 

Aeration, in general, is the more expensive element in the wastewater treatment plants. Porous 

membrane based columns drastically intensify the oxygen concentration in the packed bed 

column compared to the dense membrane column, and as a result the cost of the overall process 

will be lower. 

Next, the bacteria-free porous membrane columns (PES, PTFE, PP, and Nylon) are modeled 

with Thomas model and Bohart-Adams model. The uptake models are shown in Figure 4.54-

Figure 4.57. 
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Figure 4.54: Bacteria-free PES membrane column uptake modeling. 

 

 

 

Figure 4.55: Bacteria-free PTFE membrane column uptake modeling. 
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Figure 4.56: Bacteria-free PP membrane column uptake modeling. 

 

 

 

Figure 4.57: Bacteria-free Nylon membrane column uptake modeling. 
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The Bohart-Adams model and Thomas model for adsorption / ion exchange uptake in columns, 

were discussed in Section 2.2.3. Appendix VI shows the detailed calculations of both the Bohart-

Adams model and the Thomas model. The Bohart-Adams model simulated the experimental data 

more closely than the Thomas model. The Bohart-Adams model predicted the breakthrough 

point with high accuracy. After the breakthrough point, the Bohart-Adams model did not reflect 

the experimental data. Therefore, it is trustable model that can be used during the design of an 

experiment, such as for determination the needed height of the packed bed to reach certain 

percentage of exhaustion. On the other hand, the Thomas model did not show significant 

simulation to the experimental data. The Thomas model prediction for the breakthrough point 

was not good. 

The Thomas model is quite complex and determination of the  Thomas model’s constants such 

as kTH, the Thomas rate constant, and q0, the equilibrium uptake capacity, is  not a straight 

forward step; therefore, these constants were borrowed from the literature. For some figures, 

manipulation with these constants is required to get the best fit. This might be a possible 

explanation of the unsatisfied fits that were obtained. 

The Bohart-Adams model on the other hand, its constants can be determined using the obtained 

data. However, most of the published works that used Bohart-Adams model obtained the 

constants values such as the kAB, the kinetic constant, and NAB, the saturation constants, by 

running experiments at different flowrates and at different bed depths, thus; these constants help 

to fit the data better. As the case in this work, only one data point at a specific flowrate and at a 

specific bed depth was used, therefore; less predicted fit was expected. Moreover, the Bohart-

Adams model was first proposed to predict the carbon adsorption column behavior, and applying 
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this model for an ion exchange column might need further modification to meet the ion exchange 

process behavior.  

4.5.4 Bio-regeneration Columns 

Experiments in this part were followed the procedures given in Section 3.2.5. The PP and PES 

membrane columns had the best performance among the porous membrane columns and it was 

decided to conduct the bio-regeneration column experiment using these two columns, i.e., PP 

and PES membrane columns. 

As discussed in Section 1.4.7, ion exchange regeneration is an expensive process and 

improvements to the regeneration process can result in economic benefits. 

Batches of exhausted KMI clinoptilolite, i.e., in the ammonium form, were packed within both 

the PP and PES membrane column. A 50 ml sample of rich bacteria solution was added to 3 L of 

media solution and the combined solution circulated through each column. The nitrite 

concentration was taken periodically as explained in Section 3.3.2. After 15 days the experiment 

stopped, and samples were withdrawn at different heights of each column. Each sample was 

equilibrated with 100 ml of ammonium ion solution at a concentration of 20 mg N-NH4
+
/l. 

Figure 4.58 shows the bio-regeneration of exhausted KMI clinoptilolite packed in PP and PES 

membrane columns. 

 

 



218 

 

 

Figure 4.58: Bio-regenerationof exhasuted KMI clinoptilolite packed in PP and PES membrane 

columns. 

Nitrite was detected in the collected samples as shown in Figure 4.58. In PP membrane column, 

nitrite concentration oscillates between 50 and 130 mg/l. During the experiment, a makeup 

solution of the inoculation media was added as needed. It was needed to add a makeup solution 

at t=109 hr. 95% of the media used in the circulation was changed for the PP column and 35 % 

for the PES column. That was needed as a failure occurred in the pump’s tube. This might 

explain the dome in the PP column curve. After this dome, PP column curve started to increase. 

For the PES column curve it was not affected so much by the makeup addition. 

The batch experiment equilibration data for the biologically regenerated KMI clinoptilolite 

obtained from the PP and PES column at different height is shown in Figure 4.59 and Figure 

4.60 respectively.  
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Figure 4.59: Batch experiment equilibration for the biologically regenerated KMI clinoptilolite 

obtained from the PP column.  

 

 

 

Figure 4.60: Batch experiment equilibration for the biologically regenerated KMI clinoptilolite 

obtained from the PES column. 
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It was unknown where exactly the bacteria inoculated inside columns, therefore, samples were 

taken from different height of the columns. For the PP column, the sample taken at column  

height of 15 cm gave the best ammonia removal, while that for the PES column it was the 

sample taken from 10 cm height. 

As shown in Figure 4.59 and Figure 4.60, the removal of amminia by the bioregenerated 

clinoptilolite is not even close to compete with the removal of ammonia by clinoptilolite that 

chemically conditioned. A possible explaination for this huge difference in the two removal rates 

is that both columns were packed with 1200 g of zeolite but only 50 ml of rich nitrifying bacteria 

solution were introduced to each column. The indications are that this amount of bacteria was not 

enough to fully regenerate the exhausted clinoptilolite biologically. Indeed, literature supported 

this conclusion as Semmens and Goodrich [31] used 3 L of nitrifying bacteria to bio-regenerate 

only 5 g saturated with ammonium ions. Therefore, it is concluded that the small amount of 

nitrifying bacteria used was the primary reason for the ineffective results shown in the two 

previous figures. 
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5 Conclusion 

5.1 Material analysis 

The electron scanning microscope (SEM) analysis indicated that both clinoptilolite types (KMI 

and BIT) used in this work had available pores, which have sites for ion exchange. The 

clinoptilolite structure can be seen more clearly for KMI clinoptilolite. From the micrographs, 

BIT clinoptilolite appears to be more porous than the KMI form. XRF and EDS analysis revealed 

that both KMI and BIT had an average Si/Al ratio comparing to clinoptilolite from other parts of 

the world.  

5.2 Batch equilibrium studies 

In batch equilibrium studies, KMI clinoptilolite exhibited higher ammonia uptake capacities 

comparing to BIT clinoptilolite. No significant effect on ammonia removal was noticed when 

using different types of water (DI, RO, filtered tap water) on KMI or BIT clinoptilolite. The 

presence of the metal ions, K
+
, Ca

++
, and Mg

++
 affected the uptake capacity of ammonium ion by 

KMI clinoptilolite which indicates that metal ions compete with ammonia. KMI clinoptilolite 

preference was found to be Mg
++

≈K
+
>Ca

++
. To model the uptake data, Langmuir and Freundlich 

models were used. The Langmuir model provided the best fit for the equilibrium data obtained 

on KMI and BIT clinoptilolite. 

5.3 Kinetics studies 

Two analytical models were used to describe the rate behavior of KMI and BIT clinoptilolite. 

The proposed analytical models were originally used for modeling of the uptake data onto 

activated carbon; however these models were found to be applicable to describe the ion exchange 
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process. Two resistances were considered, the film and the intraparticle resistances, and each 

model described the associated resistance effectively. 

5.4 Aeration studies 

Five air permeable membranes were used in this part, four porous membranes and a dense 

membrane. The porous membranes were PES, PTFE, PP, and Nylon. The dense membrane was a 

silicon tube membrane. SEM analysis was carried out for the porous membrane to examine its 

structures. Different air pressures were used for aeration. The oxygen transfer rate for the 

membranes used was in the following order from the highest to the lowest: PTFE, PP, PES, 

Nylon, and silicon tube. 

5.5 Column studies 

In this section, all types of membranes listed above were evaluated for with and without the 

presence of nitrifying bacteria. KMI clinoptilolite, also, was used in the packed beds for 

evaluation of each type of membranes namely the dense membrane and the porous membranes. 

Because of its poorer ion exchange performance comparing to KMI, BIT clinoptilolite was used 

only in the silicon membrane column as a basis for comparison. 

Packed bed performance was evaluated using breakthrough curves expressed as the fraction of 

exhaustion, Ct/C0, plotted against the treated effluent Bed Volumes passed. The breakthrough 

performance of KMI clinoptilolite packed bed was successfully modeled using the Bohart-

Adams model and the Thomas model. However, the Bohart-Adams model seemed to be more 

reliable in predicting the breakthrough point. The uptake capacities were calculated and tabulated 

for each run. 
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A high loading rate for the silicon tube membrane column was used, 0.96 Kg N/(m
3
day). In the 

case of porous membranes columns a lower loading rate of relatively low, 0.25 Kg N/(m
3
day), 

was used. 

The combined process in the biologically activated ion exchange column, was successfully 

applied for the porous membrane columns. This was not the case for the silicon tube membrane 

column. The PP and PES columns performed well comparing to the other porous membrane 

column. Comparing to the design of the silicon tube membrane module, porous membrane 

modules occupied less space. Hence, the column design was intensified toward a compact 

column. 

An attempt was made to regenerate the exhausted clinoptilolite biologically in a packed bed 

column. It seemed the nitrifying bacteria were functioning but not sufficiently to fully regenerate 

the entire bed over the duration of the experiment. It is concluded that full regeneration is 

achievable if a higher concentration of biomass were present. 
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6 Future work 

Below, a number of recommendations that might be useful to extend this research: 

- Use different natural zeolite other than clinoptilolite such as mordenite, since mordenite 

was found by previous researchers as an alternative ion exchanger that might function 

better than clinoptilolite. Mordenite occurs naturally so economically should cost 

relatively the same as clinoptilolite. Try the sodium form conditioning of ion exchangers 

at different temperatures to find the optimum temperature that yields to the highest 

uptake removal rate of ammonium ions. 

-   To test the ion exchanger performance in presence of the metal ions, it is suggested to 

use different concentrations of the metal ions to examine to which extent those ions affect 

ammonium ion removal. Use high concentrations (500, 1000, 1500 mg NH4
+
/l) of 

ammonium ions and add 6 ml of metal ions (40, 50, 60, and 80 mg metal ion/l) to obtain 

high solid concentration, Qe,  in order to examine the performance of Langmuir and 

Freundlich models. 

- One of the most challenging issues in the combined process is knowing the amount and 

concentration of the biomass that should be loaded to the packed bed column without 

losing significant capacity of the ion exchanger. Therefore, equilibration of biologically 

active ion exchanger bench experiments are recommended to test the performance of the 

uptake ammonium ions removal rate in the presence of bacteria to examine the optimum 

amount of biomass per gram of clinoptilolite. This can be done using small columns. By 

knowing the amount of the ion exchanger used and by measuring the inlet and outlet of 

the bacteria rich solution concentrations (at OD600), the ratio of biomass concentration to 

the amount of ion exchanger used can be determined. Once the optimum ratio is 
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determined, it can be used for a scale-up calculation. To check the effectiveness of the 

scale-up calculations, different ratios can be used within the optimum ([biomass]/g ion 

exchanger) ratio to find the optimum ratio for packed bed column.  

- Instead of using air, use enriched air or pure oxygen with different pressures. 

- Try new hydrophobic micropores membranes such as those introduced by W.L. Gore and 

Associates Inc. (www.gore.com) as these membranes could be cheaper than the porous 

membrane and more readily applicable to be incorporated into the packed bed column. 

- As section 2.5 discussed the transport phenomena, the equations given in this section can 

be solved using finite element method. Solving those partial differential equations can be 

an alternative of using Bohart-Adams and Thomas model.  

- Use suitable amount of biomass to assess the bio-regeneration column. Nitrate is 

recommended to be measured even though Nitrobacter were not inoculated into the 

packed bed column. 
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7 Appendices 

Appendix I: Standard Calibration Curve of Nitrite 

Based on the procedure given in the “Simplified Procedures for Water Examination” manual the 

5
th

 edition, page 137, the nitrite calibration curve was obtained. Table 7.1 shows the calibration 

curve data. 

Table 7.1: Nitrite standard calibration curve. 

Nitrite concentration, mg/l Absorbance (A.U.) 

0 Blank, 0 

10 0.032 

20 0.062 

40 0.124 

60 0.183 

80 0.253 

100 0.307 

200 0.622 
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Figure 7.1: Nitrite standard calibration curve. 

 

From the linear regression, the equation of the best fit line is: 
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Appendix II: Uncertainty calculations of nitrite standard calibration curve 

Calculating uncertainties from nitrite standard calibration curve is a process of three steps. 

1) Obtain the equation relating absorbance and concentration. This step is done in Appendix 

I, and the equation of the best fit is found from the linear regression, Equation A1: 

Absorbance = 0.0031*Concentration – 0.0002 

2) Calculate the errors in the slope and intercept: 

xavg = 63.75 ; yavg = 0.198 ; 
n

2

yy i

i=1

S = (y -y) = 0.286 ; 
n

xy i i

i=1

S = (x -x)*(y -y) = 91.923 ;   

n
2

xx i

i=1

S = (x -x) = 29587.5 (with n =8) 

yy xyS -m*S
S=

n-2
= 0.0027 ;  

2

xx

1 x
SE(b)=S* +

n S
= 0.512 ; xxSE(m)=S/ S = 1.611E-5 

3) Absorbance = (0.0031 + t*SE(m)) * Concentration+ (0.0002+ t*SE(b)) 

4) At 95% confidence interval (Degrees of freedom = 8-2 =6) t = 2.45 

5) Absorbance = (0.0031 ± 3.95E-5) * Concentration+ (0.0002± 1.2544) 

 

Reference: D. Neal Boehnke and R. Del Delunyea “Laboratory Experiments in 

Environmental Chemistry” p. 17-35. 
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Appendix III: Langmuir and Freundlich 

The modeling of the batch experimental results will be explained by using data obtained for KMI 

clinoptilolite without interfering cations. 

Langmuir adsorption isotherm 

The soild concentration was calculated based on mass balance, and the next table shows the solid 

concentration, Qe, for different initial ammonia concentration along with the equilibrium 

concentration of ammonia in the solution, Ce: 

Initial ammonia concentration, 

mg N-NH4
+
/l 

Ce Qe 

20 3.90 1.688 

80 15.6 6.752 

300 144 18.48 

400 224 22.08 

 

When the linear form of the Langmuir model was applied: 

 

  
 

 

    
 
 

 
 

And 1/Qe vs 1/Ce was plotted, the following figure was obtained: 
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The following values were obtained from the graph: 

1/b = 0.0293  b = 24.13 

1/(Kb) = 2.1773  K=0.0135 

By using the constants obtained and the measured concentration Ce, the values for  the Qe(Lang) 

were obtained by using the equations: 

  (    )  
 

 
  
 
 
 

 

Freundlich adsorption isotherm 

To model the results by using the Freundlich adsorption model the values for Ce and Qe obtained 

above were used. The linear shape of the Freundlich isotherm is: 

 

           
 

 
      

 

 

y = 2.1773x + 0.0293 
R² = 0.9971 
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By plotting the logQe vs log Ce the following graph was obtained: 

 

 

 

The values for the coefficients obtained from the graph were: 

 

log k = -0.0377  

 

1/n=0.6067 

By using the following equation and the obtained values for the coefficients, the 

values for Qe(Fr) were obtained: 

 

     (  )       
 

 
      

 

The calculated values for the whole range of concentrations were as follows: 

 

y = 0.6067x - 0.0377 
R² = 0.9603 
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Ci Qexp Qe (Lang) Qe (Fr) 

20 1.688 1.70188997 2.09362501 

80 6.752 5.92169695 4.85477038 

300 18.48 22.5123114 18.697284 

400 22.08 25.6278245 24.4453057 
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Appendix IV: Modeling of the results obtained for the kinetic experiments 

The calculations for the kinetic experiments will be explained by using the data obtained for the 

ammonia uptake onto KMI clinoptilolite, initial ammonia concentration 50mg/l, particle size 0.7-

1mm, mass of the material 6.0 g: 

External mass transfer coefficient 

The results were correlated using the following equation: 

  [
  
  
 

 

     
]    [

   

     
]  [

      

   
     ] 

   
 

 
                  

   
    

       

Plotting ln [
  

  
 

 

     
] vs time leads to the following figure: 

 

Kf was calculated from slope = 7.163E-3 cm/s 

 

Internal mass transfer coefficient 

y = -0.0005x - 0.9355 
R² = 0.9776 
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To test the experimental rate data against the time we used the following equation: 

   
 

    
   

Qt was calculated by mass balance. The calculated values over 60 minutes were as follows: 

t (min) SQRTt Ct Qt 

0 0 50 0 

10 3.162278 45.03106 2.484472 

20 4.472136 42.02899 3.985507 

30 5.477226 39.02692 5.486542 

40 6.324555 37.3706 6.3147 

50 7.071068 35.81781 7.091097 

60 7.745967 33.74741 8.126294 

 

When the Qt was plotted versus the square root of the time the following graph was obtained: 

 

y = 1.0589x - 0.3976 
R² = 0.9873 
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The following value was obtained from the graph: 

 

kd = 4.4 mg/gmin
0.5
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Appendix V: The breakthrough uptake capacity calculation 

A sample calculatio is made for PES membrane column: 

BV = r
2
πh = (4.1275 cm)

2
π(27 cm) = 1.455 L 

Fro PES membrane column, the breakthrough started after 110BV passed through the column; 

110BVx1.455 L/BV = 160.05 L 

The initial ammonia concentration was 40 mg N-NH4
+
/l  the overall ammonia kept by the 

KMI clinoptilolite was: 

160.05 l x 40 mg/l = 6402 mg N-NH4
+
 

The amount of clinoptilolite packed within the column was 1200 g, 

 The uptake capacity = 6402 mg/1200g = 5.34 mg N-NH4
+
/ g KMI clinoptilolite 

                                  = 0.38 meq/g 
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Appendix VI: Modeling breakthrough curves 

The breakthrough curve obtained for the PES membrane column was chosen to show how to 

apply the Bohart-Adams and Thomas models. 

 Bohart-Adams model 

The Bohart-Adams model used was: 

  
  
    (             

 

 
) 

The constants, KAB and NAB, sirst were determined by plotting lnCt/C0 vs time; thus, the 

following figure was obtained: 

 

kAB = 4.75E-5, NAB=5657.86 

Then, the model was used to estimate the breakthrough profil, and the next table show the Ct/C0 

obtained by Bohart-Adams model: 

 

y = 0.0019x - 5.8236 
R² = 0.8731 
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time Ct/C0 

0 0.002957 

1356.89 0.038949 

1759.717 0.083732 

2077.739 0.153218 

2713.781 0.513032 

3636.042 2.959087 

 

Thomas model 

The Thomas model used is: 

  
  
 

 

     (
      
        )

 

kTH and q0 was determined by manipulation the model to give the best fit. It was found that by 

chosing kTH = 0.08 and q0 = 5.18, the model gave the best fit. These values were compared with 

values found in the literature. Data obtained is tabulated in the next table: 

time Ct/C0 

0 0.005111453 

1356.89 0.283107859 

1759.717 0.589027965 

2077.739 0.7986079 

2713.781 0.968106875 
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