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Introduction

The aim of this thesis project is to evaluate the efficiency of a water treatment plant in Eskilstuna.  This plant uses air stripping to eliminate ammonia from the intake water. The water treated comes from a nearby pond which is fed by leachates of the Municipal Solid Waste (MSW) landfill of Eskilstuna. Ammonia is recovered in the form of ammonium sulphate, which can be used as a fertiliser or as an SNCR reagent (selective noncatalytic removal of nitrogen oxide in flue gases). In the plant there are pre-treatment steps to prepare the water for the stripping such as a carbon dioxide stripper, a pH adjuster and a heat exchanger. The expected efficiency of the plant is of 90% of removal of ammonia from the intake water.

After treatment, the outlet water eventually finishes in the lake Mälaren, which is the source of drinking water for Stockholm. Thus, it’s very important that all water poured into the Mälaren, is treated adequately. 

Ammonia stripping is an alternative for the common biologic ammonia removal methods, which are not suited for Sweden because of the low temperatures of the inlet water reached in winter. 

Background

Landfilling and leachate formation

Landfilling is the disposal of waste in void spaces.  A municipal solid waste landfill is usually composed of residential, commercial and institutional solid waste. [EPA, Criteria for municipal solid waste landfills, 40 CFR 258.] This waste is composed mainly of organic matter.  Due to the anaerobic conditions that prevail in the landfill, there is a microbiological degradation of the organic matter, which results in the apparition of ammoniacal nitrogen (NH3-N).

Water may enter landfills as a result of the ingress of precipitation, surface water or ground water. Contact between this water and the waste generates a leachate contaminated with a range of soluble organic and inorganic substances. In the case of a MSW landfill, ammonia is the most important pollutant which is leached. The leachate will also have a high chemical oxygen demand (COD), because of some non-degradable organic compounds of the wastes (the easily biodegradable compounds, evaluated as biochemical oxygen demand (BOD), will however be rather low).

Pollutants effects

Leachate in an untreated form is unsuitable for direct discharge into surface watercourses as the high COD and NH3-N concentrations would have a severe impact on the ecology of the receiving water. [Tyrrel S.F. et al., Removal of ammoniacal nitrogen from landfill leachate by irrigation onto vegetated treatment planes, Water Research, 4th april 2001.]

Of all the water quality parameters that affect fish, ammonia is the most important after oxygen, especially in intensive systems. In small amounts, ammonia causes stress and gill damage. Fish exposed to low levels of ammonia over time are more susceptible to bacterial infections, have poor growth and will not tolerate routine handling as well as they should. Ammonia is lethal when present in higher concentrations. [Francis-Floyd R. and Watson C. Institute of Food and Agricultural Sciences, University of Florida, FA-16, May 1990.]

Ammonia is also responsible for eutrophication. This is because the nitrogen contained in ammonia is a nutrient that stimulates the productivity of algae and water plants.  When there is an excess of nutrients in the water, eutrophication or aging is accelerated and algal blooms occur, many species among which impart bad taste and odour to water supplies. Large floating masses are concentrated by wind action and interfere with water based recreational activities.  As the masses die, decomposition releases foul odours and many deplete dissolved oxygen to levels as low as to cause fish death. These nuisances occur principally in lakes and reservoirs, which act as accumulators. Ammonia is also consuming oxygen from the lake during its oxidation to nitrite and nitrate

Apart from the associated environmental problems, the presence of nitrogen compounds like nitrates and nitrites in drinking waters can also pose a threat to human life in view of their ability to cause hypertension and give birth to diseases like stomach cancer and methamoglobinemia (blue babies). [Rehman O. et Environ J., Ammonia removal by air stripping, Sci. health, 1990]

Ammonia removal

The current approaches to ammonia removal from sewage and other wastewaters are [Booker N., Struvite formation in wastewater treatment plants, www.nhc.ac.uk, 2002]:

· Biological nitrification and subsequent denitrification.

· Adsorption on zeolites or ion exchange resins (which are then regenerated with caustic brine).

· Air stripping.

Of these processes the most common one is the biological treatment.

Biological treatment

A certain degree of nitrogen removal occurs in any biological wastewater treatment system due to the uptake of nitrogen into the waste sludge produced in the process. Nitrogen is a component of waste biomass produced as a result of biological treatment of carbonaceous organic matter. Organic nitrogen is also a component of the non-biodegradable particulate organic matter which is present in many wastewaters. This material will generally be flocculated and incorporated into the biological treatment system mixed liquor and subsequently removed from the process with the waste sludge. Nitrogen removal will occur by this mechanism in Biological Nutrient Removal (BNR) systems, just as it occurs in any biological wastewater treatment system. The difference between a typical biological wastewater treatment system and a BNR system is that, in a BNR system, additional nitrogen removal is achieved by the combined action of the two biological reactions: (1) nitrification and (2) denitrification. [Daigger G. T., Biological Nutrient Removal, CH2M-HILL, Denver]

Nitrification and denitrification are processes that will biologically convert ammonia to nitrogen gas.  In the nitrification ammonia is converted to nitrite by the Nitrosomas bacteria, and then the nitrite is oxidized to nitrate by the Nitrobacter. Aerobic conditions are needed, so air or oxygen must be forced into the system.  The common units used for nitrification are the activated sludge tanks and the trickle filters. Nitrification is inhibited at temperatures of 10 °C or below and therefor the nitrification is negligible during the winter in Sweden. Optimum temperature is about 25 °C.

Denitrification is the conversion of nitrate to nitrogen gas. For denitrification to occur a good nitrification process must first take place. Denitrification takes place under anareobic conditions; no free oxygen is available. This usually happens in the secondary clarifier or in a dedicated anaerobic tank. [Sharman R., Water and Wastewater Technology, LBCC. 2nd august 1998.]

The use of biological ammonia removal in a country such as Sweden would entail heating of the inlet water during winter.

Ammonia Stripping

The air stripping process can be simply defined as a unit process in which water and air are brought into contact with each other with the purpose of transferring volatile substances from water to air. This process has been effectively used in water and wastewater treatment to strip dissolved gases such as hydrogen sulphide, carbon dioxide and ammonia. In other applications, it has been successfully used to strip and reduce the concentration of taste and odour producing compounds and trace volatile organics. [Rehman O. et Environ J., Ammonia removal by air stripping, Sci. health, 1990]

In the case of ammonia stripping, it is feasible to achieve a high degree of removal. Once the ammonia is stripped, it’s recovered from the airflow by absorption in a sulphuric acid solution, yielding ammonium sulphate, which can be obtained in an appropriate concentration. And it has some advantages over other similar processes such as [EPA, Waste water technology fact sheet: Ammonia stripping, September 2000]:

· The operation is relatively simple and not affected by wastewater fluctuation if pH and air temperature remain stable.

· Ammonia stripping is a mechanical procedure and creates no backwash or regeneration.

· Ammonia stripping is unaffected by toxic compounds that could disrupt the performance of a biological system.

· Ammonia stripping is a controlled process for selected ammonia removals.

The physico-chemical process of ammonia stripping consists in raising the wastewater pH to about 11, so the equilibrium during stripping will favourable for ammonia desorption in air. High temperatures (60 ºC) improves the equilibrium conditions for the stripping which makes the treatment more compact (more kg of water can be treated per kg of air)

Stripping towers may be classified as packed towers or spray towers. In packed towers, packing is used to provide large surface area per volume of packing. Both crossflow and counterflow packed towers have been extensively used for ammonia stripping, although counterflow gives better efficiencies. In spray towers, water is sprayed into the tower from a series of nozzles normally located at the top of the chamber, while air is blown upwards through the tower. Other methods occasionally used for ammonia stripping are holding ponds and diffused aeration systems. [Rehman O. et Environ J., Ammonia removal by air stripping, Sci. health, 1990]

Of all the methods, the packed towers give the highest efficiencies, although they have some important drawbacks. The most mentioned problems from practical operation are the calcium carbonate scale deposition, icing in cold weather and air pollution problems due to the emission of ammonia to the atmosphere.

Ammonia removal and recovery process

To solve these problems a new process has been developed called Ammonia Removal and Recovery Process (ARRP).  In this process there is a second tower used to absorb the ammonia from air, and recover it in the form of ammonium sulphate.  The flow of air is recycled, so when steady state is reached, there is no carbon dioxide in the air, which can cause calcium carbonate scaling.  This is the kind of technology used in the plant at Eskilstuna. For further protection against scaling, the plant has a carbon dioxide stripper at the entry, which eliminates nearly all bicarbonate from the raw water. The wastewater is then adjusted to a high pH value (11,5) to precipitate heavy metals, calcium carbonate and to convert ammonia to NH3 form that can be stripped off. The precipitates are removed by flocculation, lamella sedimentation and continuous sand filters. Furthermore, the inlet water to the stripping tower is heated by means of a heat exchanger, so heat is recovered from the outlet water, providing a high efficiency. This way, the three main problems of ammonia stripping in packed towers are solved.

Ammonium sulphate

As said before ammonium sulphate will be obtained as a by-product in the ammonia removal and recovery process. It is mainly used as fertiliser (N=21%) for field and leaf fertilising. Other uses are [Industrial resources group, www.indresgroup.com, 2002-08-02]:

· Water Treatment 

· Fermentation 

· Fire Proofing 

· Manufacture of viscose rayon 

· Tanning 

· Food additive

Process Description

Introduction

Raw water is taken from the pond of leachate of Eskilstuna’s MSW landfill.  From there it’s pumped to the water treatment plant.  This is the main input of the process. The outputs are clean water, ammonium sulphate and sludge. The reactants used in the process are:

· Sulphuric acid

· Sodium hydroxide

· Ferric chloride

Figure 1. Diagram of the plant.
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The main units of the plant are:

· Carbon dioxide stripper

· pH adjustment & precipitation tank

· Sedimentation tank

· Sand filter

· Heat exchanger for heat recovery and external heating

· Ammonia stripping tower

· Ammonia absorption tower

· Activated carbon filter

Carbon Dioxide Stripping

The carbon dioxide stripper is the first unit of the plant. It’s used for the removal of bicarbonate from the inlet water. This step is very important because bicarbonate in the water would lead to calcium carbonate scaling in the following units.

Before the stripping sulphuric acid is added, to convert bicarbonate to carbonic acid. Usually it’s lowered to a value of about 4, so most part of the bicarbonate will be converted to carbonic acid. Then this acid dissociates into water and carbon dioxide.  

Air passing through the liquid desorbs most part of the carbon dioxide from the water. The reactions which take place are the following:

The stripper has an efficiency of at least 90 –95 %. The remaining dissolved CO2 will stay in the liquid phase. Because of the new concentration of carbonic acid, a new equilibrium will be established between the carbonic acid and the bicarbonate, causing the pH to increase in the liquid. 

Precipitation, Sedimentation and Filtration

Precipitation and pH adjustment  

The pH adjustment takes place in the precipitation tank, after the carbon dioxide stripping tower. The pH of the water which was initially about 7,5, drops to about 4 or 5 after the carbon dioxide stripping.  For ammonia stripping, water has to have a pH above 10,5, so most of the ammoniacal nitrogen (NH3-N) will be as NH3, and it can easily be stripped from water. To increase the pH we use sodium hydroxide as a reactant.  When the pH is risen, all the bicarbonate and carbonic acid left in the liquid will transform to carbonate, and then react with calcium to form calcium carbonate:
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At the same time there will be a precipitation of heavy metals and phosphorous but by weight calcium carbonate and ferric hydroxide are likely to be the dominant components of the sludge. Calcium carbonate and other precipitates could clog the sand filter as a calcium carbonate scaling builds up in the sand filter. If this happens the sand has to be removed and replaced with a new one, causing a halt in the plant operation. However, it is clearly preferred to remove calcium carbonate in the sedimentation and filter prior to the ammonia stripper. Without precipitation and sedimentation the packing of the stripping tower would be clogged.

Ferric chloride (FeCl3) is added as a coagulant. The Ferric ion will also react with water, lowering the pH:
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Also small quantities of a metal coagulant (organic sulphur compounds used to precipitate cadmium and mercury) and an organic flocculent (cationic) are added in the pH adjustment tank. This tank is agitated, so the reactants will mix adequately with the water.

Sedimentation

After the pH adjustment tank, there is a lamella separator. The precipitated water runs downwards into the inlet channel. There it is deviated and then it flows up via the stack of lamellas. This way the suspended substances settle onto the inclined lamellas (sedimentation) and then slide into the sludge funnel. After having flown through the lamellas the medium is rather well purified from solid substances. [Leiblein, www.Leiblein.de, 2002-08-06]

The sludge obtained in the separation process is taken to a sludge tank, from where it’s pumped to the deposit.


Figure 2. Diagram of a lamella separator. [Leiblein, www.Leiblein.de, 2002-08-06]

Filtration

Sand Filter

After sedimentation, water is passed through a continuous sand filter to protect the stripping tower from particles in the wastewater. In continuous sand filters the fouled sand is continuously removed from the filter bed, washed and recycled without interruption of the filtration process.  The backwash water from the filter is recycled back to the precipitation tank.

Sand filters can reduce the concentration of suspended solids in treated sewage from 100 mg/l to less than 20 mg/l. [The environmental guide, www.nottingham.ac.uk, September 2002]


Figure 3. A continuous sand filter

Filtration operation

· The feed is introduced to the filter through the feeder tube (1) and the distributor (2).

· Water flows upward through the sand bed and loosens the impurities. The cleaned filtrate (4) exits from the sand bed, overflows the weir (5) and is discharged from unit. [Kobe steel ltd., http://nett21.unep.or.jp, September 2002]

Washing

· Accumulated solids, sand and water flow continuously into the suction intake of the lift pump.

· The turbulent flow of air, water and sand loosens impurities as it moves up to the separator (7) through the air lift tube (6). Additional washing takes place as the sand falls through the sand washer (8) where impurities are removed by a counter-current flow of wash water. The cleaned sand is returned to the top of the sand bed by the sand distributor (9). [Kobe steel ltd., http://nett21.unep.or.jp, September 2002]

Activated Carbon Filter

The activated carbon filter is a continuous filter such as the sand filter. It is situated after the ammonia stripper, and the outlet stream is the water that will be disposed in the Mälaren.

Activated carbon is most effective at removing organic compounds such as volatile organic compounds, pesticides and benzene. It can also remove some metals, chlorine and radon [Michigan State University Extension bulletin WQ23, Home Water Treatment Using Activated Carbon, 2001-02-27]. The filter can be backwashed to remove accumulated solids in turn permitting repetitive use of the carbon [Westech, http://www.westech-inc.com/actcarbon.html, 2002-10-16].

Heat Exchange

In order to have a favourable equilibrium during the ammonia stripping; inlet water is heated up to 60 ºC. This heat also prevents biological growth in the stripping packing.

To perform this heating, two copper Brazed Plate Heat Exchangers (BPHE) are used. The plates are brazed together which eliminates the need for a frame, carrying bar, tightening bolts and gaskets [www.us.thermal.alfalaval.com, 2002-08-06]. The first exchanger preheats inlet water using the heat of the output water from the ammonia stripping-tower. This water has the same temperature as the inlet water in the stripper, so the minimum temperature difference in the principal exchanger will determine the extent of the heat recovery. More than 80% of the heat is to be recovered. Then a smaller exchanger heats the wastewater with hot water (from an electric heater) up to the required temperature. 

The brazed plate heat exchangers have corrugated plates that produce highly turbulent flow patterns in a true counter-current direction. This results in high efficiency and in a very compact design. [www.apiheattransfer.com, 2002-08-06]

Figure 4. Diagram of a brazed plate heat exchanger. [www.apiheattransfer.com, 2002-08-06]
Ammonia Removal and Recovery Process

Ammonia equilibrium

Our goal is to remove ammoniacal nitrogen (NH3-N) from the waste water.  Ammonia nitrogen exists in aqueous solution as either ammonium ion or ammonia, according to the following equilibrium reaction:
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According to this reaction, the speciation of ammonia nitrogen (NH3) will depend on the pH value, the equilibrium being displaced to the right in alkaline water.

The stoichiometric (or apparent) dissociation constant of ammonium includes the value of the various activity coefficients and is defined according to the following equation:
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The value of the apparent dissociation constant is dependent on temperature. The following equation shows the relationship of the constant with temperature [Clegg, S. and Whitfield, M., A chemical model of seawater including dissolved ammonia and the stoichiometric dissociation constant of ammonia in estuarine water and sea water, Geochim. Cosmochim. Acta, 59, 12, 2403-2421, 1995.]:


The ammonium ion is not stripped from water, so we want all ammonia nitrogen to be as ammonia. To achieve this we have to raise the pH. The following formula indicates the relationship between the pH and the % of ammoniacal nitrogen which is in the ammonia form:
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As an example; if the pH is 10 and the temperature 60 ºC, the percentage of ammonia will be 98%. Rising the pH more than 10,5 won’t have a perceptible effect in the stripping, due to the fact that almost all nitrogen will be in the ammonia form.

Gas-liquid phase equilibrium

Stripping and absorption involve mass transfer between liquid and gas phases. To achieve this mass transfer, the two phases must be brought into intimate contact. To obtain this contact packed columns are used, where water flows downwards and air upwards. 

Figure 5. Diagram of a packed column. [Horst J.L., www.nauticom.net/www/jhorst/index.htm, 2001-05-21.]

Absorption and stripping are considered in most cases equilibrium-limited processes. Therefore, data on the gas-liquid equilibrium are critical for determining the maximum possible separation. Also equilibrium data is necessary to build the equilibrium curve, which is used in the design diagrams for stripping and absorption.

The most common equilibrium diagram is a representation of molar fraction in the liquid (x) versus molar fraction in the gas (y) of the component being transferred. In our case we can use the solubility data for diluted solutions of ammonia in water.  Concentration of ammonia in the wastewater is very low (less than 0,05% molar fraction), thus we can assume the equilibrium’s relationship is given by Henry’s law, which relates the partial pressure developed by a dissolved solute in a liquid solvent by the following expression:
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H is the Henry’s law coefficient.  The value of H indicates how favourable the equilibrium is. The higher H is, the higher the volatility of the transferred component will be. From the solubility data [Perry R. et Green D., Perry’s Chemical Engineers’ handbook 7th edition, 1997.] we can obtain Henry’s law coefficient for ammonia for different temperatures:

	t (°C)
	T (K)
	H (bar)
	m (*)

	25
	298,15
	1,030088
	1,016618

	30
	303,15
	1,245964
	1,229671

	40
	313,15
	1,940106
	1,914737

	50
	323,15
	3,933541
	3,882105

	60
	333,15
	3,222934
	3,180789


*  The units of m are molar fraction in the gas by molar fraction in the liquid.

For calculations see appendix A.1.

We can see that for higher temperatures, H increases. This indicates that the equilibrium is much more favourable at high temperatures than at low temperatures.

The relationship between H and the temperature follows the Clausius-Clapeyron equation:
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C is a constant. If you represent the ln H versus 1/T, you can obtain the value of the constant and the molar enthalpy of vaporisation of the liquid. You can see this graph in appendix A.2. 

The values obtained for ammonia at low concentrations were:



C = 12,880 bar

ΔHvap = 460,96 kJ/mol

Once we know the value of Henry’s constant for different temperatures we can also know the value of the slope of the equilibrium line for different temperatures. 

The molar fraction in the gas (y) is defined as:
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The total pressure in the system (P) is the atmospheric pressure (760 mm. Hg).

The equation of the equilibrium line is:
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The units of the slope of the equilibrium line (m) are:
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If we combine the last two equations with Henry’s law, we obtain the value of m:
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So now we have the slope of the equilibrium line for a range of different temperatures, if you plot m versus the temperature (appendix A.3), you can see how the slope increases with temperature, which indicates how much the volatility will improve at higher temperatures. At higher temperatures, more kg of water can be treated for each m3 of gas and the capacity increases for a certain diameter of the stripping bed.

A temperature increase from 25 ºC to 60 ºC improves capacity by almost a factor of 4. As seen in appendix A.3

Stripping

The stripping takes place in the packed stripping tower. Air flows upward through the tower, and water flows downward.  The intimate contact of air and water permits the transfer of ammonia from water to air, thereby effecting a purification of the water.

In stripping design diagrams as the shown below are used.  x and y are as before the molar fraction in the liquid and in the gas respectively.  The G/L line is the operation line, and the dashed line is the operation line with the minimum slope possible. The feasible region where stripping can be carried out is limited by the molar fraction of ammonia in the inlet liquid (x2), the molar fraction of the gas in the inlet gas (y1) and the equilibrium curve. 

The maximum concentration of ammonia in the outlet gas (y*) is given by the intersection between the minimum slope operation line and the equilibrium curve.
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Figure 6.  Stripping design diagram

We will work in a value between the maximum and minimum concentration in the outlet gas.  We can choose how these will be modifying the operation line slope.

· Operation line equation:
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· Slope of the operation line:
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· Minimum slope of the operation line:
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From this equation we can deduce that when the molar fraction in the outlet gas is maximum, the slope of the operation line is minimum. Usually you should work with a slope between 20 and 50 % bigger than the minimum.

With the relation between the flow of gas and liquid we can determine the concentration of ammonia in the outlet gas. The value of y1 determined by the absorption operation and by the drop entrainment in the stripper. Drops of ammonium sulphate solution entraining in the stripper will convert to ammonia due to the high pH found in the stripper. This amount of entrained ammonia will have to be added to the amount of ammonia left in the air.  

But the really important parameter is the concentration of ammonia in the outlet liquid, which will have to be low enough to fulfil the environmental regulations. The removal efficiency determines the rest of variables of the process, the slope of the equilibrium line, and the number of transfer units of the tower. The height of a transfer unit is dependent on the packing, and it is given by the manufacturer. A high number of transfer units will supply a high efficiency. The number of transfer units can also be calculated theoretically.
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The plant is designed to run at 60 ºC, being the equilibrium quite favourable at this temperature. We have to take on account that only ammonia will be stripped and not the ammonium ion. So when using the equilibrium formulas only ammonia has to be taken on account and not all the ammoniacal nitrogen (for this reason is important to know the percentage of ammoniacal nitrogen which is present as ammonia). 

An important parameter for the stripping is the capacity of the tower (kg of water that can be treated per cubic meter of air).  This parameter depends on the temperature of the stripping and of the design capacity.
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An optimal value for the design capacity is 1,5.  In appendix A.4 can be found a representation of the kg of water per m3 of air versus temperature. The capacity is more than 4 times higher at 60 ºC than at 25 ºC.

Once the water has passed through the tower, the treated water is taken to the heat exchanger to recover a large part of the heat.  The flow of air is taken to the absorber, where most of the ammonia will be recovered in the form of ammonium sulphate.

After the stripping the amount of ammoniacal nitrogen remaining in the water will originate from the ammonia which wasn’t stripped and from the ammonium which wasn’t converted to ammonia. 

The efficiency of the stripping process will depend on the temperature of the system, the pH of the inlet water, the number of transfer units and the relation between the flow of gas and the flow of liquid in the stripper.  If the flow of gas is very high, the removal efficiency of the process will improve, but the power consumed by the fan will be higher too. Also the entrainment of drops from the absorber into the stripper will cause the efficiency to decrease. 

The concentration of ammonia in the drops depends of the concentration of ammonium sulphate in the liquid in the absorber, because the drops come from the absorber. In a basic ambient like the one found in the stripper, ammonium sulphate will transform to ammonia:
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Absorption

The absorber tower is quite similar to the stripping tower, only the reverse operation takes place. Ammonia will be absorbed in water and removed from the air. To have a favourable equilibrium in this operation, sulphuric acid is added to the absorption water. The sulphuric acid will react with the ammonia to yield ammonium sulphate:
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The design diagram for absorption is similar to the stripping one. The difference is that now the operation line lies above the equilibrium curve. By keeping a low pH value the absorption of NH3 to form NH4+ will be irreversible and thus the equilibrium line will be almost horizontal and the separation very favourable. 
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Figure 7.  Absorption design diagram 

The equation of the operation line is slightly different from that of the stripping operation. Now the slope of the equilibrium line is horizontal.

· Operation line equation:
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· Slope of the operation line:
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x1 represents the quantity of ammonia which is transferred to the liquid phase per time unit.

· Minimum slope of the operation line:


[image: image24.wmf]*

min

2

1

x

y

y

G

L

M

M

-

=


· For irreversible absorption:
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The number of transfer units for the absorption operation is calculated in a similar way than the number of transfer units for the stripping operation.
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For the special case of irreversible absorption (m = 0) this equation is reduced to:
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To obtain the desired concentration of ammonium sulphate, the liquid flow can be recycled until this happens. A further reason for recirculation is to obtain proper wetting of the packing (improper wetting reduces the number of transfer units obtained by a certain packing height). The concentration of ammonium sulphate after recirculation depends on its duration. 

It is important the concentration of ammonium sulphate never surpasses the solubility of the compound because if not it will precipitate in the absorption tower, clogging it. The solubility for ammonium sulphate at 60 ºC is about 46 % in weight. See appendix C.

For the absorption to go on adequately, the pH will have to be in every moment acidic, so there will always be sulphuric acid to react with ammonia.  The ideal pH for the water is around 5, where more than 99 % of the ammonia will react with the sulphuric acid.

The efficiency of the absorption process will depend on the concentration of ammonia in the gas, the concentration of sulphuric acid in the liquid, and the relation between the flow of water and the flow of air. If the flow of liquid is very high, the efficiency of the absorption will improve, but the power consumed by the pump will be higher too.

Design Tool

To describe the process an Excel worksheet was used as design tool.  This worksheet calculates the output values of the process, once given the inlet values. This tool can be useful to optimise the performance of this plant, and to know the expected performance of future plants using the same technology.

The variables of the process are divided in 6 groups:

· Raw water

· Reagents

· Pretreatment

· Heating and heat recovery

· Ammonia stripping

· Final pH adjustment

The program uses theoretical formulas to obtain the outlet values from the inlet ones. Some of the parameters used in the formulas have been obtained from experimental data (equilibrium line equation). A copy of the worksheet will be attached to the report.  The calculations used in the worksheet are commented in appendix B.

Experimental sampling results

Introduction

To study the performance of the plant a series of samples were taken from different points in the plant (see appendix D.1.1).  As this plant uses a new technology, several problems occurred during the start-up of the plant.  The samples taken were used to solve some of these problems and to look for possible solutions to achieve a optimal efficiency of the process.

One of the main threats for the equipment in the plant was calcium carbonate scaling.  From previous similar plants it was known that scaling could be a problem. For this reason this plant had a carbon dioxide stripper to eliminate bicarbonate from the raw water.  To achieve a good removal of bicarbonate in the tower, the pH before the stripping should be at least lower than 4, so most part of the bicarbonate will be transformed to carbonic acid and then stripped from the water.  If the pH is not low enough, carbonate scaling will occur in the following units, at least until the sand-filter.

Also the pH before the ammonia stripping is extremely important, because if the pH is only half a point lower than it should be, efficiency can come down for more than 20 % in the stripper.

Results I

The first samples were taken the 31st of July, only a few days after start-up (appendix D.2). These results offered very poor efficiencies in the ammonia and in the carbon dioxide stripper.  The main reason for this was thought to be incorrect values of the pH in the flow of water, too high before the carbon dioxide stripper and too low before the ammonia stripping tower.

The second samples were taken the 13th of August (appendix D.2).  This time better results were achieved, but the pH values continued to be incorrect.  This results made us suspect the pH meters in the plant weren’t correctly calibrated. After it was found that the pH meter in the precipitation tank gave an error of almost one unit of pH, causing the efficiency in the ammonia stripper to decrease significantly. Furthermore, scaling was found in the pH meter, which warned us that not enough bicarbonate was been eliminated from the inlet water.

To improve the performance of the carbon dioxide stripper, more sulphuric acid was added before the stripper.  Due to this decrease in the pH a great quantity of foam appeared in precipitation tank just after the stripper. We think this is a result of calcium carbonate scaling in the stripper being dissolved.  For some hours a high amount of calcium carbonate came from the stripper causing this foam to form.

Carbonate scaling was not only found in the precipitation tank, but also in the heat exchanger.  This caused operation to be stopped for the removal of the scaling with formic acid.  Because the precipitation of calcium carbonate takes some time to occur, scaling happened also in the heat exchanger, in spite of the pH being high enough for precipitation since the precipitation tank.  

The efficiency of the ammonia stripper was of 56,7 %, very far from the expected efficiency.  And also the pH after the tower was too low. This could only mean that drops from the absorber were entering the stripper. The pH in the absorber is quite low (5), and has a high concentration of ammonium sulphate, which will convert to ammonia at high pH. If these drops enter the stripper, more ammonia will have to be stripped, and also the pH in the stripper will decrease, deteriorating its performance. 

Recommendations I

pH values all along the process have a very important effect over the performance of the whole plant. For this reason, the main recommendation is to calibrate the pH meters in the plant periodically, because if the readings are not exact enough the efficiency of the plant will decrease significantly and carbonate scaling can occur. 

Also, the pH meter in the precipitation tank, which had scaling in the sensor, should be equipped with an air injector to clean the electrode, and maybe, also a flow of acid (e.g. formic acid) to dissolve the calcium carbonate layer. This would ensure a correct reading of the pH during operation.

To diminish foaming in the precipitation tank caused by CO2 formation after the acidification, an antifoaming agent should be added before the carbon dioxide stripping tower. Good results can be obtained with low quantities of the product.

The low efficiency of the carbon dioxide stripper can be attributed to the existence of a high pH solution just underneath the tower.  Because air entered the tower from that point, it can take foams and droplets of alkaline water to the tower, which would decrease its efficiency. To solve this, the addition of sodium hydroxide could be moved to the tank section downstream, permitting a low pH to build up in the tank just after de stripping tower. This would also give the CO2 more time to be stripped.

To avoid further stops in operation due to scaling in the heat exchanger, preventive cleaning of the exchangers could be done periodically.  These cleaning procedures could be done in a short period of time, causing unnoticeable disturbance in the process.

Other of the problems observed in the plant, was the slow response we could give to a bad result in the ammonia stripping.  If the pH is too low before the ammonia stripping, and we want to increase it, we have to do it in the precipitation tank.  For the effect to be noticed in the stripper some time will have to pass (a few hours).  This may be too much time.  If we want to give a fast response to this problem, a sodium hydroxide pump and an extra pH meter should be installed just before the stripper, so we would be able to finally adjust the pH  for the water just entering the stripper.

To avoid drop entrainment in the stripper a droplet filter should be placed in the ammonia absorber and in the stripper. A space was left in the towers for this purpose, so it won’t require a complicated procedure to install the filters. Drops above about 10 microns can be separated and therefor the entrainment will be reduced significantly.

Results II

The samples corresponding to these results were taken after some of the first recommendations were carried out, such as using an anti-foaming agent and calibrating the pH-meters more frequently.  The samples were taken from the 24th of September till the 27th. The average values for the samples taken during those days can be found in appendix D.2.3.  

Looking at the results we can see that the pH values this time are much better, although the removal efficiency for ammonia is very low. This can be due to the fact that the fan was running at a low speed to avoid drop entrainment in the stripper, since the droplet filter wasn’t yet installed. Also, the liquid distribution along the towers was found to be deficient, permitting the formation of preferential channels.

Because the pH values were more correct, almost all the bicarbonate is transformed to carbonic acid after the addition of sulphuric acid before the carbon dioxide stripper.  But not very much of the carbonic acid was stripped.  In the section D.2.3.1 of the appendix we can see that there is enough carbonic acid in the water after the CO2 stripping to precipitate all the calcium.  The reason for the low efficiency of the stripper was a bad distribution of the water through the stripper.

Although there seems to be calcium left in the outlet of the plant, we suspect this is calcium carbonate which remained as a precipitate in the outlet water. 

Recommendations II

One of the main recommendations after the second group of results was to achieve a good distribution of the water in the three columns, since their efficiency depends directly of this factor.

 Also, to prevent foaming in the precipitation tank and in the stripping column, it was observed that the injection of the anti-foaming agent before the column was more effective. 

For a better sedimentation of the precipitates, a better flocculent was suggested, which would work better at low temperatures.  A further recommendation would be to recycle part of the sludge back into the sedimentation filter, this would provide calcium carbonate seed crystals, increasing the speed of the precipitation.

To increase the speed of the fan would increase the removal efficiency of ammonia, but the use of the droplet filters is needed to guarantee no drop entrainment in the stripper due to the high speed of air.

Conclusions

The aim of this project was to describe the process of elimination of ammonia in the water by air stripping and to evaluate the plant in Ekilstuna which is using this technology.  Due to the fact that the duration of the project is shorter than the duration of the start up of the plant, no samples could be taken after the plant was operating in the optimal conditions.  So the plant was only evaluated under disadvantageous conditions. Nevertheless, the samples taken helped to solve some of the problems encountered during start up.  And they offer a promising view for the efficiency of the plant, once normal operation is going on.

More samples should be taken when some of the recommendations are introduced in the process.  These samples should confirm the ammonia removal and recovery process as a very adequate process for cold weathers as the one found in Sweden.  The only drawbacks can be carbonate scaling and drop entrainment in the stripper, which can be solved if the right measures are carried out.
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G-L Phase equilibrium calculations

Henry’s constant calculations 

The following equilibrium data was obtained from the literature:

t = 25 ºC





t = 30 ºC

	%WNH3
	PNH3
	x
	
	%WNH3
	PNH3
	x

	
	0
	0
	
	0
	0
	0

	0,105
	0,791
	0,00111
	
	1,2
	11,5
	0,012536

	0,244
	1,83
	0,002575
	
	1,6
	15,3
	0,016645

	0,32
	2,41
	0,003374
	
	2
	19,3
	0,02072

	0,38
	2,89
	0,004004
	
	2,5
	24,4
	0,025766

	0,576
	4,41
	0,006057
	
	3
	29,6
	0,030761

	0,751
	5,8
	0,007882
	
	4
	40,1
	0,040598

	1,02
	7,96
	0,010675
	
	5
	51
	0,050238

	1,31
	10,31
	0,013669
	
	7,5
	79,7
	0,07351

	1,53
	11,91
	0,015928
	
	10
	110
	0,095669

	1,71
	13,46
	0,017769
	
	15
	179
	0,136952

	1,98
	15,75
	0,020517
	
	20
	260
	0,174631

	2,11
	16,94
	0,021834
	
	25
	352
	0,209158

	2,58
	20,86
	0,026569
	
	30
	454
	0,240911

	2,75
	22,38
	0,02827
	
	40
	719
	0,297338



    t = 40 ºC





t = 50 ºC

	%WNH3
	PNH3
	x
	
	%WNH3
	PNH3
	x

	0
	0
	0
	
	0
	0
	0

	1
	15,4
	0,010468
	
	1
	22,2
	0,010468

	1,2
	18,3
	0,012536
	
	1,2
	26,7
	0,012536

	1,6
	24,1
	0,016645
	
	1,6
	35,5
	0,016645

	2
	30
	0,02072
	
	2
	44,5
	0,02072

	2,5
	37,6
	0,025766
	
	2,5
	55,7
	0,025766

	3
	45
	0,030761
	
	3
	67,1
	0,030761

	4
	60,8
	0,040598
	
	4
	91,1
	0,040598

	5
	76,5
	0,050238
	
	5
	115
	0,050238

	7,5
	120
	0,07351
	
	7,5
	179
	0,07351

	10
	167
	0,095669
	
	10
	247
	0,095669

	15
	273
	0,136952
	
	15
	405
	0,136952

	20
	395
	0,174631
	
	20
	596
	0,174631


· %WNH3: Weight NH3 per 100 weights H2O

· PNH3: Partial pressure NH3, mm. Hg., at equilibrium temperature.
· x: Molar fraction of NH3 in the liquid.

  



t = 60 ºC

	%WNH3
	PNH3
	x

	0
	0
	0

	1
	30,2
	0,010468

	1,2
	36,3
	0,012536

	1,6
	48,7
	0,016645

	2
	61
	0,02072

	2,5
	77
	0,025766

	3
	94,3
	0,030761

	4
	129,2
	0,040598

	5
	165
	0,050238

	7,5
	261
	0,07351

	10
	361
	0,095669

	15
	583
	0,136952

	20
	834
	0,174631


The molar fraction of ammonia is calculated with the following equation:
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For each temperature we can represent the partial pressure versus the molar fraction of ammonia. Because solutions at low concentrations follow Henry’s law, we will obtain a more or less straight line, the equation of this straight line gives us Henry’s constant for that temperature.

The values obtained where:

	T (°C)
	T (K)
	H (mmHg)
	H (bar)
	m (*)
	R

	25
	298,15
	772,63
	1,030088
	1,016618
	0,9986

	30
	303,15
	934,55
	1,245964
	1,229671
	0,9994

	40
	313,15
	1455,2
	1,940106
	1,914737
	0,9999

	50
	323,15
	2417,4
	3,222934
	3,180789
	0,9998

	60
	333,15
	2950,4
	3,933541
	3,882105
	0,9994


* The units of m are molar fraction in the gas by molar fraction in the liquid.

Henry’s constant (bar) versus Temperature (K)


Slope of the equilibrium line vs. temperature
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Design tool calculations

Raw water

In this section some parameters of the raw water are included, as well the flow of raw water into the process. The input values for the concentrations are obtained from samples of the raw water, and the flow of water is a parameter of the plant. 

	Raw water
	Input values
	Output values
	

	Flow of inlet water, kg/s
	6,98
	25,12
	m3/h

	Ammonia concentration, mg N/l
	140
	10,0
	mM

	Bicarbonate concentration, mg HCO3/l
	610
	10,0
	mM


Reagents

In this section the concentrations of the reagents can be found.

	Reagents
	

	Concentration of sulphuric acid  g/l   H2SO4
	1600

	Concentration of sodium hydroxide, g/l   NaOH
	600

	Concentration of ferric chloride, g/l   FeCl3
	300


Pretreatment

In this section the operations of pretreatment such as carbon dioxide stripping, pH adjustment and precipitation.

	Pretreatment
	Input values
	Output values
	

	Titration pH in acidification
	
	4,18
	pH

	pH in stripper inlet
	4
	
	pH

	Conc. of H2CO3 in acidified water, mM
	
	10,0
	mM

	Conc. of bicarbonate in acidified water, mM
	
	0,04
	mM

	Removal efficiency for CO2 stripper
	99%
	
	

	Conc. of H2CO3 in aerated water, mM
	
	0,10
	mM

	Conc. of bicarbonate in aerated water, mM
	
	0,04
	mM

	Sulphuric acid consumption 
	
	7,657
	l/h

	
	
	
	

	Specific dosage of FeCl3 (100%)   g/m3
	50
	0,308
	mM

	Dosage flow of FeCl3
	
	4,19
	l/h

	
	
	
	

	Titration pH in alkalisation
	
	10,7
	

	Chosen pH value for precipitation
	10,5
	
	

	Concentration of NH3
	
	9,41
	mM

	Concentration of NH4
	
	0,59
	mM

	Sodium hydroxide consumption:
	
	10,58
	mM

	due to H2CO3
	
	0,200
	mM

	due to HCO3
	
	0,04
	mM

	due to NH3
	
	9,4
	mM

	due to FeCl3
	
	0,92
	mM

	Dosage flow of sodium hydroxide
	
	17,71
	l/h

	Precipitation of CaCO3
	
	0,14
	mM

	Precipitation of Fe(OH)3
	
	0,308
	mM

	Adjustment of pH before NH3 stripper
	11
	
	

	Dosage flow of additional sodium hydroxide
	
	0,67
	


Titration pH in acidification

This pH is obtained from the titration diagrams.
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The pK value of 6,35 is for the carbonic acid – bicarbonate system.

Concentration of bicarbonate and carbonic acid in acidified water

The pH after the addition of sulphuric acid will determine the equilibrium between the bicarbonate and the carbonic acid.  Working with the equilibrium constant, we can obtain the concentration of bicarbonate and carbonic acid after the addition of sulphuric acid:
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The subindex I refer to the initial concentration of bicarbonate.

Concentration of bicarbonate and carbonic acid in aerated water

The concentration of bicarbonate remains constant because it is not available for stripping. The concentration of carbonic acid depends on the efficiency of the stripping.
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The subindex AS refers to the concentration after the stripping and the subindex BS refers to the concentration before the stripping and after the sulphuric acid addition.

Consumption of sulphuric acid

The flow of sulphuric acid depends on the concentration of sulphuric acid in the water, and of the flow of inlet water:
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The subindex W refers to the flow of inlet water, and the subindex SA refers to the sulphuric acid.

Specific dosage of FeCl3 (100%)   

This is the concentration of ferric chloride in the flow of water. To achieve this concentration, a certain flow of ferric chloride should be dosed.

Dosage flow of FeCl3

The flow of ferric chloride depends on the concentration of ferric chloride in the water, and of the flow of inlet water:
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The subindex W refers to the flow of inlet water, and the subindex FC refers to the ferric chloride.

Titration pH in alkalization

This pH is obtained from the titration diagrams.
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The pK value of 9,3 is for the Ammonia – Ammonium system.

Concentration of Ammonia and Ammonium ion after alkalization

The pH after the addition of sodium hydroxide will determine the equilibrium between ammonia and the ammonium ion.  Working with the equilibrium constant, we can obtain the concentration of ammonia and the ammonium ion after the addition of sodium hydroxide:
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The subindex I refer to the initial concentration of ammoniacal nitrogen.

Sodium hydroxide consumption

The sodium hydroxide added, is consumed by the following compounds:

· Carbonic acid

· Bicarbonate

· Ammonia

· Ferric chloride

The reactions which take place between sodium hydroxide and these compounds are:
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From this reactions we know how much sodium hydroxide will be consumed.
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Dosage flow of NaOH

The flow of sodium hydroxide depends on the concentration of sodium hydroxide in the water, and of the flow of inlet water:
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The subindex W refers to the flow of inlet water, and the subindex SH refers to the sodium hydroxide.

Precipitation of CaCO3

If the concentration of calcium in the water is enough, all the carbonic acid and bicarbonate which is left after the carbon dioxide stripping will form calcium carbonate which will precipitate at high pH values.

Dosage flow of additional sodium hydroxide

If the pH is not the optimal for ammonia stripping, additional sodium hydroxide can be added to increase the pH.  Sodium hydroxide will react with the ammonium left in the water and convert it to ammonia.
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The subindex 1 and 2 refer to the concentrations of ammonium before and after the addition of sodium hydroxide.

Heating and heat recovery

This unit heats the inlet flow so it will have an adequate temperature for an optimal stripping of ammonia. The parameters calculated in this unit are shown in the following table for an example case. The calculations for the output values are described below.

	Heating and heat recovery
	Input values
	Output values
	

	Temperature of raw water ºC
	20
	
	

	Temperature in stripper ºC
	60
	
	

	Heat recovery in heat exchanger, %
	95,00%
	
	

	Heat recovered
	
	1111
	kW

	Net heat losses in stripper & absorber, kW
	1
	
	kW

	Heat addition in external heater
	
	59
	kW


Heat recovered

The total heat recovered in the system is easily calculated using the following formula:
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TIn and TOut are the temperatures before and after the heat exchange system respectively. 

Heat addition in external heater

This will be the heat which is not recovered plus the heat losses in the stripper and the absorber.
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Ammonia Stripping

This is the main operation unit of the plant. The parameters studied in this plant are shown in the following table for an example case. 

	Ammonia stripping
	Input values
	Output values
	

	Removal efficiency of NH3 + NH4
	90%
	
	

	Stripping efficiency of  NH3 
	
	92%
	

	Outlet concentration of NH3-N  + NH4-N
	
	13,9
	mg/l

	Removed  NH3
	
	62,8
	mmol/s

	Production of ammonium sulfate (100%)
	
	4,15
	g/s

	Slope of equilibrium line mol/mol    / mol/mol
	
	3,91
	

	Gas flow m3/s;
	4
	146
	mol/s

	mV/L in stripper
	
	1,48
	

	Catchment efficiency of ammonia in absorber
	
	97,12%
	

	Number of available transfer units in absorber
	3
	
	

	Used transfer units in absorber
	
	3,00007
	

	Concentration of ammonium sulphate, weight %
	40%
	3,03
	M

	Entrainment of ammonium sulphate mg droplets/m3 gas
	20
	
	mg/m3

	Entrainment rate 
	
	0,485
	mmol N/s

	Ammonia after absorption mmole NH3/mole gas
	
	0,012468722
	mmol/mol

	due to nonabsorbed NH3, mmol/mol gas
	
	0,009157413
	mmol/mol

	due to entrainment, mmol/mol gas
	
	0,003
	mmol/mol

	Ammonia conc in gas from stripper, mmol/mol gas
	
	0,432
	mmol/mol

	Equilibrium conc of NH3 above ammonium sulfate sol
	
	0,000118720
	mmol/mol

	pH value in absorber
	4
	
	

	Driving conc difference in top of absorber (gas)
	
	0,012350002
	mmol/mol

	Driving conc difference in bottom of absorber (gas)
	
	0,248073
	mmol/mol

	Equlibrium conc of NH3 in top of stripper
	
	0,689768
	mmol/mol

	NH3 (g) conc in top of stripper 
	
	0,441576
	mmol/mol

	Driving conc difference in top of stripper (gas)
	
	0,248192
	mmol/mol

	Equlibrium conc of NH3 in bottom of stripper
	
	0,046038528
	mmol/mol

	Driving conc difference in bottom of stripper (gas)
	
	0,033569805
	mmol/mol

	Available transfer units in stripper
	4
	
	

	Used transfer units in stripper
	
	3,999876265
	

	pH value after stripper
	
	9,9
	pH

	Sulphuric acid consumption in absorber
	
	6,927
	l/h


Stripping efficiency of ammonia

This is the efficiency of the stripper to remove ammonia from the inlet flow of water.  Ammonium in the water is not taken in account for this efficiency.
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Outlet concentration of ammoniacal nitrogen

This is the outlet concentration of ammonia plus ammonium. It depends of the overall removal efficiency.

Removed ammonia

This is the ammonia removed from the water which will eventually form ammonium sulphate.


[image: image45.wmf](

)

[

]

Eff

Q

NH

s

mmol

NH

W

In

×

×

=

3

3

/


Eff refer to the efficiency of ammonia removal in the stripper, and QW to the flow of water.

Production of ammonium sulfate

This is the amount of ammonium sulphate produced from the reaction:
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The production of ammonium sulphate will depend on the amount of ammonia removed.

Slope of the equilibrium line (m)

The slope of the equilibrium line varies with the temperature, and it was obtained from experimental data found in the literature (see section 3.5.2 of report).
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Catchment efficiency of ammonia in absorber

This is the efficiency of the absorber to retain ammonia in the ammonium sulphate solution.
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 y is the molar fraction of ammonia in air, and the subindex 1 and 2 refer to the entrance and exit of the absorber.

Used transfer units in absorber

The used transfer units in the absorber are calculated from the formula obtained in the literature for irreversible absorption (see section 3.5.4 of the report).
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Entrainment rate

The entrainment rate depends on the mg of drops per cubic meter of air, the concentration of ammonium sulphate in those drops and the flow of air into the stripper.

Ammonia after absorption mmole NH3/mole gas

This is the concentration of ammonia in the gas leaving the absorber and entering the stripper.  This concentration includes the ammonia which wasn’t absorbed in the tower plus the ammonia in the air due to droplets entering the stripper.

Equilibrium concentration of NH3 above ammonium sulfate solution

This is the equilibrium concentration of ammonia in the air in the absorber. 
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This is the equation of the equilibrium line, which will give us the concentration in the air in equilibrium with the liquid.

Driving concentration difference in top of absorber (gas)

This is the difference between the concentration in the gas exiting the absorber and the equilibrium concentration in the absorber.  This value indicates the driving force of the separation in the top of the absorber.

Driving concentration difference in bottom of absorber (gas)

This is the difference between the concentration in the gas entering the absorber and the equilibrium concentration in the absorber.  This value indicates the driving force of the separation in the bottom of the absorber.
Equilibrium concentration of NH3 in top of stripper

This is the concentration of ammonia in air in equilibrium with the concentration of ammonia in the inlet water.  This concentration depends on the pH before the stripper and the inlet concentration of total ammoniacal nitrogen.
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NH3 (g) concentration in top of stripper

The concentration of ammonia in the gas at the top of the stripper is the addition of the amount of ammonia stripped from the water and the ammonia which was already on the gas entering the stripper.

Driving concentration difference in top of stripper (gas)

This is the difference between the equilibrium concentration in the top of the stripper and the concentration in the gas exiting the stripper.  This value indicates the driving force of the separation in the top of the stripper.
Equilibrium concentration of NH3 in bottom of stripper

This is the concentration of ammonia in air in equilibrium with the concentration of ammonia in the outlet water.  This concentration depends on the stripping efficiency of ammonia.
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Driving concentration difference in bottom of stripper (gas)

This is the difference between the equilibrium concentration in the bottom of the stripper and the concentration in the gas exiting the absorber.  This value indicates the driving force of the separation in the bottom of the stripper.
Used transfer units in stripper

The number of transfer units used is calculated used the formula obtained from the literature explained in section 3.5.3 of the report.

pH value after stripper
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The pK value of 9,3 is for the Ammonia – Ammonium system.

Sulphuric acid consumption in absorber

The flow of sulphuric acid depends on the sulphuric acid consumed by ammonia in the absorber, and is directly proportional to the rate of ammonia removed from the water.

NH3 Concentration in the inlet liquid

This value is obtained with the NH4-N concentration in the inlet liquid and the percentage of ammoniacal nitrogen as ammonia.

Final pH adjustment

After the ammonia stripping operation, water has to have an appropriate value of pH, for this reason sulphuric acid may have to be added if the pH is too high.

	Final pH adjustment
	Input values
	Output values
	

	pH after adjustment
	7
	
	pH

	Sulphuric acid consumption in final pH adjustment
	
	0,611
	l/h


Sulphuric acid consumption in final pH adjustment 

The sulphuric acid consumed in this operation will be due to the ammonia remaining in the outlet water.
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The subindex 1 and 2 refer to the concentrations before and after the addition of sulphuric acid.

Ammonium sulphate

Solubility

	
	Solubilities

	t ( °C)
	g/100 g water
	% weight

	0
	70,6
	41,38335287

	10
	73
	42,19653179

	20
	75,4
	42,98745724

	30
	78
	43,82022472

	40
	81
	44,75138122

	60
	88
	46,80851064

	80
	95,3
	48,79672299


The solubility of ammonium sulphate in weight percentage is calculated from the solubility in grams per 100 grams of water.
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Density

The next table gives the possibility to calculate the concentration of ammonium sulphate once the density of the solution is known.

	
	Density g/cm3

	% weight
	0 °C
	20 °C
	40 °C
	80 °C

	40
	1,235
	1,2277
	1,2196
	1,2011

	50
	1,2899
	1,2825
	1,2745
	1,2568


Experimental data

Sampling strategy

Points of sampling

The samples were taken from five different points in the process:

· Sample 1: Raw water

· Sample 2: After CO2 stripping

· Sample 3: In lamella separator

· Sample 4: After sand filter

· Sample 5: After activated carbon filter

Considerations

The two most important samples to be taken were sample 1 and sample 5, because they are taken before and after the process and will enable us to evaluate the efficiency of the whole process. The rest of the samples permit us to evaluate different steps of the process such as the carbon dioxide stripping, the pH adjustment and sedimentation and the ammonia stripping.

Water parameters 

The parameters measured for each sample were:

· pH

· Conductivity (mS/m)
· Sulphate concentration (mg/l)
· Bicarbonate concentration (mg/l)
· Total ammoniacal nitrogen concentration (mg/l)
· Chemical oxygen demand (mg/l)
· Total phosphorus concentration (mg/l)
· Calcium (mg/l)
· Sodium (mg/l)
· Iron (mg/l)
Considerations

This are the typical parameters measured in polluted waters.  For the study of the plant performance, the most important parameter is, of course, the total ammoniacal nitrogen concentration.  Also the bicarbonate concentration is very important because carbonate scaling is due to concentration of bicarbonate in the waters.  pH is a very important parameter in each step of the process, because most of the efficiencies of the operations depend directly on the pH. 

Plant parameters

· Temperature (ºC)
· Flow of water (m3/h)
· Flow of air (m3/h)
· Flow of ammonium sulphate in absorber (m3/h)
· pH before carbon dioxide stripping (after the addition of sulphuric acid)

· pH in the ammonium sulphate solution

Considerations

The values of the three flows are really important to determine the performance of the ammonia removal and recovery process.  Also the temperature is very important for the ammonia equilibrium in the process.  The values of the pH read in the plant can only be taken as rough values due to non-precise pH-meters. 

The flows were calculated from the percentage of workload of the pumps and the fan used in the plant. The workloads of the ammonium sulphate pump and of the fan were referred to the workload of the water pump before the stripping tower. The % of workload refers to the % of rpm of the engine, from the maximum, to 20% of the maximum. If we multiply by itself the value of the percentage of workload we obtain the % of flow compared to the maximum flow (first you have to convert the % to the value from 0 to 100% of rpm). 

Parameters of the pumps & fan

· Fan: 17500 m3/h maximum flow, 1400 rpm maximum speed

· Reference pump: 84 m3/h maximum flow, 2900 rpm maximum speed

· Absorption tower pump: 30 m3/h maximum flow, 2900 rpm maximum speed
Results

Results 31/7/2002

	Date
	
	
	
	31/7/2002
	
	
	

	WATER PARAMETERS
	
	
	
	
	
	PLANT PARAMETERS
	

	Sample point
	1
	2
	3
	4
	5
	pH before CO2 stripping
	4,2

	pH
	7
	6
	9,9
	9,8
	9,7
	pH Am. Sulf.
	1,6

	Cond.
	361
	400
	432
	429
	429
	Power of ref. Pump
	47

	SO4
	15
	1370
	1370
	1370
	1300
	Power of fan
	100

	HCO3
	1900
	140
	
	
	
	Power of AS pump
	150

	NH4-N
	150
	150
	150
	150
	120
	Flow of water
	21,17

	COD
	
	
	
	
	
	Flow of air
	4411

	P-Tot
	3
	0,8
	0,1
	0,08
	0,01
	Flow of AS
	15,51

	HCO3 Reduction (%)
	0
	92,63
	
	
	
	Stripping tower level(%)
	50

	NH4-N Reduction (%)
	0
	0
	0
	0
	20
	Absorption tower level (%)
	50

	COD Reduction (%)
	
	
	
	
	
	Temperature
	60

	P-Tot Reduction (%)
	0
	73,33
	96,67
	97,33
	99,67
	
	


Calculations

These are the calculations to obtain the flows from the rpm of the pumps and fan read in the plant.

· Reference pump: 


100 %

(
84 m3/h
2900 rpm


0 %

(
3,36 m3/h
580 rpm



22 m3/h
(
47%

1670 rpm

· Fan:

100 %

(
17500 m3/h
1400 rpm


0 %

(
700 m3/h
280 rpm



47 %

(
4411 m3/h
940 rpm 

· Absorption tower pump:

100 %

(
30 m3/h
2900 rpm


0 %

(
1,2 m3/h
580 rpm



70,5 % 
(
15,51 m3/h
2216 rpm 

Results 13/8/2002

	Date
	
	
	
	13/8/2002
	
	
	

	WATER PARAMETERS
	
	
	
	
	
	PLANT PARAMETERS
	

	Sample point
	1
	2
	3
	4
	5
	pH before CO2 stripping
	4,2

	pH
	7,9
	5,3
	10,2
	10,2
	9,7
	pH Am. Sulf.
	5

	Cond.
	357
	388
	439
	442
	447
	Power of ref. Pump
	45,43

	SO4
	12
	1290
	1280
	1110
	1280
	Power of fan
	190

	HCO3
	1490
	22
	
	
	
	Power of AS pump
	180

	NH4-N
	120
	120
	110
	120
	52
	Flow of water
	20

	COD
	370
	360
	290
	290
	210
	Flow of air
	13215

	P-Tot
	0,59
	0,55
	0,18
	0,16
	0,15
	Flow of AS
	20,45

	HCO3 Reduction (%)
	0
	98,52
	
	
	
	Stripping tower level(%)
	50

	NH4-N Reduction (%)
	0
	0
	8,33
	0,00
	56,67
	Absorption tower level (%)
	50

	COD Reduction (%)
	0
	2,70
	21,62
	21,62
	43,24
	Temperature
	60

	P-Tot Reduction (%)
	0
	6,78
	69,49
	72,88
	74,58
	
	


Calculations

These are the calculations to obtain the flows from the rpm of the pumps and fan read in the plant.

· Reference pump: 


100 %

(
84 m3/h
2900 rpm


0 %

(
3,36 m3/h
580 rpm



50 %

(
23,52 m3/h
1740 rpm

· Fan:

100 %

(
17500 m3/h
1400 rpm


0 %

(
700 m3/h
280 rpm



95 %

(
15862 m3/h
1344 rpm 

· Absorption tower pump:

100 %

(
30 m3/h
2900 rpm


0 %

(
1,2 m3/h
580 rpm



90 % 

(
24,53 m3/h
2668 rpm 

Results 24/9/2002 – 27/9/2002

	Date
	
	
	24/9/2002-27/9/2002
	
	

	WATER PARAMETERS
	
	
	
	
	

	Sample point
	1
	2
	3
	4
	5

	pH
	8
	3,1
	11
	10,9
	10,6

	Cond.
	433
	507
	523
	524
	524

	Sodium
	340
	350
	940
	950
	930

	Calcium
	160
	160
	90
	66
	42

	Iron
	13
	13
	0,38
	0,5
	0,29

	SO4
	5
	1500
	1500
	1500
	1500

	HCO3
	2100
	1
	
	
	

	NH4-N
	180
	180
	180
	180
	120

	COD
	390
	380
	320
	310
	280

	P-Tot
	0,45
	0,42
	0,085
	0,075
	0,043

	HCO3 Reduction (%)
	0
	99,95
	
	
	

	NH4-N Reduction (%)
	0
	0
	0,00
	0,00
	33,33

	COD Reduction (%)
	0
	2,56
	17,95
	20,51
	28,21

	P-Tot Reduction (%)
	0
	6,67
	81,11
	83,33
	90,44


· Ammonium sulphate:

· pH: 5,3
· Concentration: 16 %
Calculations

· Consumption of sodium hydroxide (NaOH):
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· Concentration of ammoniacal nitrogen:
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· Concentration of calcium:
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The consumption of NaOH by carbonic acid is the consumption of sodium hydroxide minus the concentration of ammoniacal nitrogen.  This is 12,8 mmole/l.  Because each molecule of carbonic acid reacts with two molecules of sodium hydroxide; 6,4 mmole/l of carbonic acid must be left in the water. Because there are only 4 mmole/l of calcium in the water, all the calcium will precipitate.
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