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Ammonia can be used as a pH controller in chloride-based metal recovery 
processes. In chloride conditions, ammonia reacts to ammonium chloride which 
can be regenerated back to ammonia with lime. Although the regeneration process 
itself has been known for a long time, the concentrations, non-reacting species, 
conditions, and even goals are different when comparing the ammonia 
regeneration process in different industries. 
  
The main objective of this thesis was to study the phenomena, equipment, and 
challenges in ammonia regeneration in the nickel process and to make a 
preliminary process design. The study concentrated on the regeneration and 
recovery units. The thesis was made by process simulation and laboratory tests 
using the current processes as initial information. The results were combined from 
all of the information obtained during the studies to provide a total process 
solution, which can be used as a basis when designing an ammonia regeneration 
process to be used in industry.  
 
In particular, it was possible to determine ammonia recovery with a stripping 
column and the achievement of the desired ammonia water product within the 
scope  of  this  thesis.  The  required  mass  flows  and  process  conditions  were  also  
determined. 
 
The possible challenges and solutions or further studies to overcome them were 
provided as well to ease the prediction and design of the ammonia regeneration 
process  in  the  future.  On  the  basis  of  the  results  of  this  thesis,  the  ammonia  
regeneration process can be developed further and implemented in the nickel 
chloride leaching process. 
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2013 
 
99 sivua, 36 kuvaa, 23 taulukkoa ja 5 liitettä 
 
Tarkastajat:  Professori Ilkka Turunen 
  DI Kaarlo Haavanlammi 
 
Avainsanat: ammoniakki, regenerointi, talteenotto, strippaus, kolonni. 
 
Ammoniakkia voidaan käyttää pH:n säätämiseen kloridipohjaisissa metallien 
talteenottoprosesseissa, jolloin ammoniakki reagoi ammoniumkloridiksi. 
Ammoniumkloridi voidaan regeneroida takaisin ammoniakiksi kalkilla. Vaikka 
tällainen ammoniakin regenerointiprosessi on tunnettu jo pitkään, pitoisuudet, 
reagoimattomat aineet, olosuhteet ja jopa tavoitteet ovat erilaisia vertailtaessa 
ammoniakin regenerointiprosesseja eri teollisuuden aloilla. 
 
Tämän tutkimuksen päätavoite oli tutkia ammoniakin regenerointiin liittyviä 
ilmiöitä, laitteita ja haasteita nikkeliprosessissa sekä tehdä alustava 
prosessisuunnittelu. Tutkimuksessa keskityttiin regenerointi- ja 
talteenottoyksiköihin. Tutkimus tehtiin simuloimalla prosessia sekä tekemällä 
kokeellista tutkimusta käyttäen käytössä olevia vastaavia prosesseja lähtötietoina. 
Kaikista tutkimuksen aikana kerätyistä tuloksista saadut tiedot koottiin yhteen 
esittämällä kokonaisprosessiratkaisu, jota voidaan käyttää perustana 
suunniteltaessa ammoniakin regenerointiprosessia teollisuuden tarpeisiin.  
 
Erityisesti ammoniakin talteenotto strippauskolonnilla ja halutunkaltaisen 
ammoniakkivesituotteen saaminen pystyttiin tämän työn puitteissa arvioimaan 
hyvin. Myös prosessissa tarvittavat ainevirrat ja prosessiolosuhteet pystyttiin 
määrittämään. 
 
Myös mahdolliset haasteet ja ratkaisut tai jatkotoimenpiteet niiden voittamiseksi 
on esitetty, jotta prosessin arviointi ja suunnittelu helpottuisivat tulevaisuudessa. 
Tämän työn tulosten perusteella ammoniakin regenerointiprosessia voidaan 
kehittää edelleen otettavaksi käyttöön nikkelin kloridiliuotusprosesseissa.  
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NOMENCLATURE 

a constant,     -  

Aa total active area,    m2 

Ac plate area,     m2 

Acontact contact area,      m2 

Ad downcomer area,    m2 

Ah hole active area,    m2 

A1h area of a single hole,    m2 

BT thickness of diffusion layer,    m  

c molar concentration,     mol/L 

D column inner diameter,    m 

dh hole diameter,     m 

dp diameter of support pole,    m 

Dv volumetric diffusivity,    m2/s  

FLV liquid-vapor flow factor,   - 

H column height,    m 

hd downcomer height,    m 

ht plate spacing,     m 

k mass transfer coefficient,    m/s 

kH Henry’s law coefficient,    mol/kg atm 

kH,inv Henry’s law coefficient for volatility,  atm 

K1 constant,     - 

lp hole pitch,     m 

Lv liquid volume flow-rate,    m3/s 

Lw liquid mass flow-rate,    kg/s 

M molar mass,     g/mol 

m constant,     - 

N molar flux,      mol/m2 s 

n constant,     - 

 molar flow rate,     mol/s 

p pressure,      Pa 

st plate thickness,    m 

sw column wall thickness,   m 



 
 

u velocity,     m/s 

uf flooding velocity,     m/s 

Vv vapor volume flow rate,   m3/s 

Vw vapor mass flow-rate,     kg/s 

y mass fraction in gas phase,    - 

x mass fraction in liquid phase,   - 

 average mole fraction in film,   - 

x difference of mole fraction in bulk and film, -   

 

   

Greek letters 

N eddy diffusivity,     m2/s 

  density,      kg/m3 

M molar density,      mol/m3  

 viscosity,      Pa  s   

 

Superscripts 

0 reference state 

 

Subscripts 

d design 

i film 

L liquid 

tot total 

V vapor   

v volume 

w weight 
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1 INTRODUCTION 

Ammonia is used in chloride based nickel recovery processes as a pH controller in 

solvent extraction units. In a chloride environment ammonia reacts to form 

ammonium chloride. Ammonium chloride is an example of fixed ammonia, 

meaning it is present as a dissolved ammonium salt instead of free ammonia (Oler, 

1981). Ammonia can be regenerated from ammonium chloride with lime similarly 

to other fixed ammonia. The purpose of the process studied in this thesis is to 

regenerate expensive ammonia with less expensive lime and thereby obtain 

savings. Furthermore, regeneration reduces the amount of waste from the process. 

The process itself has been known for over a century as it is conventionally used 

in the production of sodium carbonate in the Solvay process.  

The regeneration process is to be applied in a hydrometallurgical process that 

differs in many ways to the original Solvay process. In the case of nickel leaching 

in chloride media there are also some other substances, such as high concentration 

of calcium chloride and possibly metallic ions, present in the solution. This may 

affect the process and its applicability.  

The ammonia regeneration process consists of a regeneration reactor, ammonia 

stripping column and condensation unit. Several factors have to be taken into 

account when determining the process, namely the type of lime, type of stripping 

gas, column size and conditions, column configuration, and the structure of 

condensation unit. The goal is to achieve suitable ammonia water product with 

sufficient ammonia content. The regeneration process was studied by means of 

literature survey, process simulation with Aspen software, and laboratory tests.   

On  the  basis  of  the  results  from  the  literature  survey  and  simulation  tests,  the  

process was tested on laboratory scale to demonstrate the phenomena occurring in 

the process. The variables and conditions of the tests were selected according to 

the information obtained from earlier phases. 

The purpose of this thesis was to study how the ammonia regeneration process 

options  presented  in  the  literature  work  in  practice.  The  major  subjects  were  to  

determine what the challenges in the process and technology are, how the 
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applicability of the process can be tested, and how it can be introduced into a 

metallurgical process.  

The process design consists of suitable regeneration, separation and condensation 

equipment for the process and a suggestion for the whole ammonia regeneration 

process is provided. The results from Aspen simulation and testwork are 

compared with the data from the literature to determine a design for the process. 

The sensitivity of the process to different factors is studied.  

The  results  from all  phases  are  combined  to  present  a  complete  process  solution  

for ammonia regeneration, including regeneration, stripping, and condensation. 

The solution consists of a process flowsheet, balances, equipment definitions, 

process conditions, operation, and material selections. The effects of differences 

compared to traditional ammonia regeneration processes are evaluated.  

 

2 PROCESS DESCRIPTION 

Ammonia regeneration is an additional part of chloride-based nickel recovery 

processes. The purpose of ammonia regeneration is to regenerate expensive 

ammonia with less expensive lime. The advantages of regeneration are economic 

savings and waste reduction. The block diagram of the ammonia regeneration 

process can be seen in Figure 1. The process description should be read in 

conjunction with the process flow diagram presented in Appendix I. 
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Figure 1.  Block diagram of the ammonia regeneration process.  

 

The solution entering the regeneration process comes from the metal recovery 

processes.  At  this  stage  of  the  process  all  ammonia  has  reacted  to  form  

ammonium chloride. This solution enters the regeneration reactor, where the 

ammonium chloride is reacted with lime. The neutralizing agent can be either 

calcium hydroxide Ca(OH)2 or calcium oxide CaO.  The reactions are: 

) + ( ) ) + ) + 2 ) (1) 

H = -12 kJ/mol NH4Cl  

) + ) + ) + )  (2) 

H = -45 kJ/mol NH4Cl  

The differences between these two lime options are discussed in Chapter 4.1. 

Lime is fed under stoichiometric amount to ensure that it will not circulate in the 

process. Ammonium chloride is more favorable to be left in the solution than lime 

as it does not interfere with anything and does not react. The concentration of 

NH4Cl left in the solution should preferably be less than 1 g/L. Both reactions are 

exothermic and the temperature in the reactor is allowed to rise in order to 

improve the reaction. If the temperature is wanted to keep as constant, the cooling 

requirement is dependent on the total flow rate and the concentration of 

Regeneration reactor

Stripping
column

Condenser

Process solution

Lime Liquid in

Air or Steam

Vapor

Liquid

Ammonia water

Vent gas to scrubber
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ammonium chloride. The ammonia evaporation reaction is endothermic and thus 

decreases the reactor temperature. The evaporation rate depends on the 

temperature and pressure in the reactor. Make-up ammonium chloride is fed to the 

reactor occasionally to maintain the proper ammonia concentration in the process.  

From the reactor the solution is fed to a stripping column. The column feed flow 

should preferably be entirely in liquid form so all of the possible solids should be 

removed beforehand. The reactor outlet is taken below the liquid surface meaning 

the vapor phase does not enter the column. The stripping column works 

countercurrently to remove ammonia from the liquid phase into the gas phase. The 

possible column types are packed bed column and plate column. A comparison 

between these two options is made in Chapter 3.2.1. The water-ammonia solution 

flows downwards and ammonia is transferred to the gas flowing upwards. The gas 

can be either air or steam and these options are discussed in Chapter 4.2.3.  

Ammonia  should  be  removed from the  liquid  phase  as  effectively  as  possible  to  

avoid the presence of ammonia in further process steps. All ammonia exiting the 

column in the liquid phase is later neutralized with acid and circulates in the 

process as ammonium. This causes increase in acid consumption. On the other 

hand, the separation should also be accurate in order to remove only ammonia and 

some  water  from  the  solution.  Ammonia  is  used  in  the  process  in  form  of  

ammonia water with an ammonia content of 10-20 mass % so the amount of water 

in the vapor stream has to be low enough.  

The ammonia-containing steam is condensed to ammonia water in a condenser. 

The  ammonia  content  is  determined  by  the  operation  of  the  column  and  the  

exiting gas phase should be such that the ammonia content is not too low. The 

condenser and its heat duty are also determined in this thesis. The flowsheet of the 

process  is  presented  in  Figure  2  and  in  Appendix  I;  the  mass  flow rates  into  the  

process are shown in Table I. 
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Figure 2. Process flow diagram of the ammonia regeneration process.  

 

Table I.  Mass flow rates into the ammonia regeneration process. (HSC Sim, 2013.) 
Substance S1 Process solution S2 Lime S3 Liquid in 
NH4Cl 9045 0 0.09 
H2O 65,800 0 68,377 
CaCl2 42,257 0 51,533 
Ca(OH)2 0 6254 0 
NH3 0 0 2470 
Other 3389 0 3389 
Total 120,490 6254 125,769 

 

The ammonia water consumption in the solvent extraction units is 2.45 t/h of pure 

ammonia. This amount is achievable through the full conversion of ammonium 

chloride and complete recovery of ammonia. In reality, the conversion and 

recovery are not complete so some make-up ammonia will be needed. The amount 

of required ammonia water depends on the ammonia water concentration.  

 

 

S1 Process solution

S2 Lime S3 Liquid in

S4 Air or Steam S5 Liquid out

S6 Vapor S8 Ammonia water

S7 Vent gas to scrubber

Reactor RC-1

Stripping column ES-1

Condenser HX-1
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3 DETERMINATION OF THE PROCESS EQUIPMENT 

The main purpose of this study concerning the equipment is to determine the 

stripping column used in ammonia separation. The dimensions, structure, 

conditions, and flow rates of the column are determined most precisely. Other 

major pieces of apparatus are the reactor and condensation unit which are also 

discussed in more detail. Supplementary equipment is studied briefly. The mass 

flows used in the determination are based on the HSC SIM model of the process 

(HSC SIM, 2013).  

3.1 Determination of the regeneration reactor  

The reactor has to meet the following demands: the mixing has to enable complete 

dissolution of lime, the reactor has to provide required heat transfer capacity, it 

has to tolerate the pressure caused by the formation of ammonia gas, and the 

material has to tolerate the conditions without corrosion. In particular, the high 

chloride ion concentration restricts the use of many materials in the reactor. The 

reactor also has to provide sufficient residence time so that all lime is reacted. The 

residence time is determined by the reactor size. 

The regeneration can be done either with calcium hydroxide or calcium oxide and 

both options are studied in the literature survey and simulation. The type of lime 

only affects the material and energy balances of the reactor and slightly affects the 

water balance of the process. With CaO, the reactor would also function as a lime 

slaker.  

3.2 Determination of the stripping column  

The stripping column should separate practically all the ammonia from the 

solution. Also, the ammonia water concentration should be sufficient for further 

process steps. The stripping column is the main unit in this process step and is 

discussed and studied in more detail. 
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3.2.1 Column types 

Typical columns used in stripping processes are plate columns and packed bed 

columns. Plate columns are columns with trays or plates located inside the column. 

Mass transfer is provided by contact between up-flowing gas and down-flowing 

liquid in the column. The contact can be achieved by several means: the most 

common ones are sieve plates and valve plates. (Buckley et al., 1985.) In this case 

the survey concentrates on sieve plates, which are simpler, cheaper, and easier to 

construct. A sieve plate is a plate with many small holes in it. The holes have to 

be small enough and the gas flow rate high enough to prevent liquid from flowing 

through the holes. Liquid flows across a plate and over an outlet weir into a 

downcomer channel. One column consists of several plates located so that the 

liquid flows downwards from one plate to the one below it. A schematic drawing 

of a sieve plate is presented in Figure 3.  

 
Figure 3.  Schematic drawing of a sieve plate. (Buckley et al., 1985 p. 29) 

 

The pressure in the plate column decreases while moving upwards. The pressure 

drop is the driving force for gas. The pressure drop over a plate is usually about 
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500-750 Pa (McCabe and Smith, 1976). The liquid flows against the pressure 

gradient due to its higher density. The driving force for liquid is the static pressure 

in the downcomer. (Buckley et al., 1985.) 

In packed bed columns, the mass transfer contact is achieved with flows of vapor 

and liquid over packing material. The packing material can be rings, saddles etc. 

In these types of columns, the vapor and liquid pass countercurrently in the same 

passages between and inside the packing material. Unlike the plate column, in a 

packed column the mass transfer takes place at all points of the packing section. 

(Deshpande, 1985.) A schematic drawing of a packed bed column is presented in 

Figure 4. 

 
Figure 4.  Schematic drawing of a packed bed column (Coulson & Richardson 1993, 

p.542). 

 

3.2.2 Limits and challenges in column operation 

In columns there are certain phenomena that affect the operation of the column 

and reduce mass transfer. These unwanted conditions are entrainment, flooding, 

weeping and foaming (Deshpande, 1985). These limiting conditions are discussed 

mainly concerning plate columns as in plate columns the phenomena are easier to 
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understand. However, all of these except weeping may occur in a packed bed 

column as well. 

Entrainment is defined by liquid being carried upwards with the vapor to the plate 

above.  Practically,  the  liquid  moves  in  the  wrong  way  in  the  column,  which  

causes two problems: a decrease in efficiency and in the purity of the gas phase. 

(Deshpande, 1985.) 

Flooding determines the maximum gas flow in the column (Deshpande, 1985). In 

a plate column, flooding happens with excessive entrainment or when the liquid 

height in the downcomer reaches the height between the plates. It can be noticed 

by an increase in pressure drop and decrease in efficiency (Deshpande, 1985). 

Flooding is usually caused by too high a vapor feed rate.  

Weeping is caused by too small a gas flow rate causing the liquid to flow through 

the holes of the plate. When liquid flows through the plates instead of across the 

plate, it decreases the efficiency and the pressure difference and may restrict the 

gas flow. (Deshpande, 1985.) 

Foaming is caused by the expansion of liquid in contact with gas. Foaming always 

takes place on plates and it increases the mass transfer area. If the foaming is too 

intense, it causes liquid buildup on the plate and the foam can pass through the 

sieve holes on the plate above. Excessive foaming decreases efficiency. Foaming 

can be affected by the method and rate of the vapor feed through the plates. 

(Deshpande, 1985.) 

Keeping in mind flooding and weeping, the vapor and liquid flow rates have to be 

optimized for the column. (Buckley et al., 1985.) The flooding velocity can be 

determined and the flow velocity of the gas should be a maximum of 80-90 % of 

the flooding velocity (Deshpande, 1985). 

3.2.3 Column solutions used in ammonia stripping 

The traditional stripping equipment of ammonia from weak ammonia liquor in the 

coke industry has been a plate column with sieve holes or bubble cap assemblies. 

(Burcaw et al., 1978; Kwasnoski et al., 1978.)  The drawback of this type of 
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column is the plugging or fouling of the column due to precipitation of calcium 

compounds. Plugging and fouling can be avoided if insoluble calcium compounds 

are precipitated in a pre-liming reactor before the column rather than after the 

separation.  The  most  common  of  these  compounds  is  gypsum,  CaSO4 · 2 H2O. 

The pre-liming reactor is currently widely used and no reactions between 

ammonium compounds and lime take place in the column. According to Verlaeten 

and Demilie (1977), calcium hydroxide should be fed in excess to ensure the 

complete reaction of ammonium chloride. 

According to Kwasnoski et al. (1978), the precipitation of gypsum before the 

column is not enough in order to avoid fouling. The solids should be removed 

from the solution before the column as well. The separation can be done by 

filtration, settling or a combination of different solid-liquid separation methods. 

(Kwasnoski et al., 1978.) As the precipitation of calcium in the column is caused 

by carbonates, sulfates and fluoride in the bottom stages, the problem only occurs 

with those ions present in the solution (Burcaw et al. 1978).  

Chowdhury and Bauer (1981) patented an ammonia removal and absorption 

method  where  ammonia  is  stripped  into  inert  gas,  such  as  air,  with  a  

countercurrent  flow  in  a  temperature  range  of  21  °C  –  85  °C  in  atmospheric  

pressure. The column types proposed in this case are packed bed, sieve plates and 

bubble cap plates. Using 524 liters of air per liter of 3 g/L ammonia solution in pH 

11.5,  99.5  %  of  ammonia  was  stripped.  The  ammonia  content  of  the  steam  that  

was achieved is only 2.5 % due to the low initial concentration. (Chowdhury and 

Bauer, 1981.)   

Oler (1981) used packed bed columns in his patent for the stripping of ammonia 

with  steam.  In  this  case,  the  feed  solution  is  allowed  to  contain  some  solid  

material if the temperature is high enough and close to the column temperature. 

The feed temperature should be over 95 °C to prevent calcium compounds from 

precipitating.  The  solubility  of  some calcium compounds  can  decrease  when the  

temperature increases meaning that if the solution is heated in the column the 

precipitation would take place there (Oler, 1981). Contrary to Burcaw et al. 
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(1978) Oler (1981) states that lime and calcium fluoride should not adhere on 

column interiors.  

Schroeder and Naso (1975) also patented a packed bed column separation process 

of ammonia from the liquid phase into air. Ammonia is stripped into 

countercurrent flowing air at a temperature of 60 °C – 82 °C. The temperature is 

controlled by adding steam into the air flow. The air to liquid ratio is set to 375-

750:1. This should lead to a 99% removal of ammonia from the liquid phase. 

(Schroeder and Naso, 1975.) This process is designed for liquor containing 

5000 ppm ammonia and its applicability with higher concentrations was not 

studied.  

3.2.4 Differences of ammonia regeneration in nickel recovery 

As the nickel recovery process differs from the processes to which the previous 

suggestions and patents refer to, some aspects concerning these differences are 

discussed here. The purpose of the process is different in these cases: while in 

other industries the ammonia is removed to prevent its presence in further process 

steps, in nickel recovery ammonia is recycled in the process and is the product of 

this sub-process. Hence, the recovery of ammonia should be as good as possible 

and the ammonia water should be pure. The gas phase also contains water, but all 

other substances should exit the column in the liquid underflow. 

The ammonia content of the column feed solution in the nickel recovery process is 

about 30 g/L and the flow rate of the solution is 93 m3/h.  In the other processes,  

such as the treatment of coke plant liquors, the ammonia content is usually lower, 

about 5 g/L. In the ammonia-soda process the concentration is quite close to the 

concentration in nickel recovery process, approximately 15-20 g/L (Verlaeten et 

al., 1977). Other compounds in the solutions in these processes are different. In 

particular, calcium chloride is present in significant amounts in the nickel 

recovery process.  

On the other hand, gypsum, which causes major precipitation problems in the 

column,  is  not  present  in  the  nickel  recovery  process.  This  means  that  

pretreatment or filtering of the solution for gypsum removal should not be 
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required. Some ammonium ions can be left in the solution so lime should be 

added under stoichiometric amount to prevent its circulation and precipitation in 

the process. Ammonium chloride is more favorable for circulation in the process 

than lime. (Kotiranta, 13.2.2013.) Also the other compounds in the nickel 

recovery process are present in such low concentrations that they should be 

entirely soluble or not cause problems due to precipitation (HSC SIM, 2013; 

Kotiranta, 13.2.2013) 

3.2.5 Column selection 

Both sieve plate and packed bed columns are used in industry for ammonia 

stripping. Regarding the selection between plate and packed bed columns, 

Coulson & Richardson (1993) present several factors that have to be considered. 

As both column types are suggested in the literature, the relevant advantages and 

disadvantages are also taken into account when selecting the column type to be 

studied in this thesis. 

The  efficiency  of  a  plate  column  is  easier  to  predict.  Plate  columns  can  be  

designed to handle a larger range of flows, which makes it easier to tailor the 

column for each individual process. Especially in large columns, the liquid flow 

distribution  can  be  difficult  to  maintain  with  a  packed  column.   However,  plate  

columns are very sensitive to flow changes unlike packed columns, where flow 

rates can be varied in a larger scale. With good design, it is possible to achieve 

plate columns that can operate between 50 and 120 % of design capacity (Coulson 

& Richardson, 1993). Also, a feed tank can be used to maintain steady feed flow 

rate so the sensitivity to flow changes is not an important factor. If the liquid 

contains solids or there is a possibility of precipitation in the column, plate 

columns are easier to clean and maintain as every plate can be washed separately. 

Plate columns are easier to cool or heat as heat exchange coils can be installed 

inside the column or on the plates. Coils can be installed inside a packed bed as 

well but they could cause channeling of the flow. Packed columns are usually 

cheaper for systems containing corrosive liquids. The pressure drop in packed 

columns can be smaller and, especially for vacuum columns, packed columns are 

better. (Coulson & Richardson, 1993.)  The two column types were compared to 
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select the column type used in design and in the testwork. The advantages and 

disadvantages of column types with these factors with comments are presented in 

Table II. The comparison is made for the purpose of the nickel chloride leaching 

process and is not applicable to other processes. Furthermore, the comparison is 

not thorough and is used in this case only to ease the selection of the column type 

to be studied in the latter parts of this work. 

Table II.  Factors affecting the column selection and their advantages and disadvantages. 
Combined from different sources to ease the column type selection. 

 
Sieve 
plate 

Packed 
bed 

Comments 

Used in 
industry 

++ + 
Sieves can handle more impure 
solutions 

Predictability + - Especially with large columns 
Flexibility - + Flow rates can vary in packed column 
Solids handling + - Sieves easier to clean 
Price - + Especially for corrosive liquids 
Pressure drop - + Especially with vacuum columns 
Heating + - Internal heating possible 

 

The predictability and design of plate columns as well as their better tolerance of 

solids mean they are more suitable for the current ammonia stripping process. As 

they are often used in the coke industry they can be considered as a reliable option 

for processes where impurities are present in the solution. Packed beds would 

probably be cheaper as the materials have to be corrosion proof. The column used 

in this case will be quite large meaning that the amount of packing material 

needed would be large, which reduces the price advantage. Packed bed columns 

would be more suitable for a small column size where the plates would be 

difficult to install and the packing could be changed when fouling occurs. 

Hydroxide precipitates, which are the possible precipitates in this case, can easily 

be washed away unlike sulfate precipitates (Kotiranta, 25.4.2013). This means 

that there is no need to change the column interiors. As the stripping takes place at 

near atmospheric pressure, the advantage of packed beds in vacuum conditions is 

not considered important. (Coulson & Richardson, 1993.) Taking into account the 

advantages and disadvantages presented here and the fact that plate columns can 
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be designed and simulated much more accurately, plate columns were selected for 

use in the process. Although plate columns were selected, nothing excludes the 

use of packed bed columns. They have other advantages such as flow rate 

variability and price when corrosive liquids are present. With smaller flow rates, 

packed bed columns could be a better option. However, the design methods and 

calculations differ between the column types, so in this thesis the column design is 

made only for a plate column. The composition and interiors of a plate column 

can be seen in Figure 5 and the operation of a single plate in Figure 6. 

 
Figure 5.  Operation (a) and composition (b) of a sieve plate column for countercurrent 

gas-liquid mass transfer. (Walas, 1988). 
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Figure 6.  Cross-flow sieve plate and its operation. (Coulson and Richardson, 1993) 
 

3.3 Determination of the condensation unit 

Absorption of ammonia gas into water has traditionally been done by spraying 

water into the ammonia gas stream (Taylor, 1944). If the gas stream contains 

enough steam, as in this case, the condensation can be done by cooling. As the 

ammonia content has to be kept within 10-20 mass %, water spraying is an option 

only if the ammonia content in the gas phase is higher than this. Another option is 

to use the produced ammonia water as primary condensing water, which could be 

sprayed into the vapor. In this case, the ammonia content would not change. The 

simplest way could be to condense the solution by cooling to a temperature where 

all the ammonia is soluble in the water available in the stream itself. However, the 

high vapor pressure of ammonia complicates its condensation from the air stream. 

As seen in Figure 7, the ammonia fraction in the vapor decreases when the 

temperature decreases but is still remarkable at temperatures that are traditionally 

achievable with water cooling. Especially if the air flow rates are high, the amount 

of ammonia in the vapor phase is high. Thus, the air removal from the ammonia 

water is also crucial. 
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Figure 7.  Vapor pressure of ammonia in air in equilibrium with 3 mass % ammonia-water 

solution. (Perry, 1997). 
 

4 EQUIPMENT DESIGN 

The process equipment had to be determined according to the demands and the 

goals of the process, conditions, and balances. The main equipment i.e. the reactor, 

stripping column and condensation unit, were determined as precisely as possible. 

Preliminary equipment design was done using literature information and guides 

and simulation with Aspen simulation software. Simulation is discussed 

separately in Chapter 5.  

4.1 Design of the regeneration reactor 

The temperature and the type of lime are practically the only factors that affect the 

regeneration reactor. The feed stream to the regeneration reactor is at 40 °C and 

the reaction should occur better at higher temperatures. The reaction enthalpies 

decrease when temperature increases and are between -74 and -46 kWh/t NH4Cl 

for reaction (1) and between -244 and -220 kWh/t NH4Cl  for  reaction  (2)  at  

temperatures from 40 °C to 90 °C (HSC, 2013). These energies are released from 

the reactions and raise the reactor temperature. In addition, some heating might be 

required to achieve a suitable reactor temperature. The kinetics of the reaction 

with this kind of solution is not known so the residence time and reactor size can 

be determined only after testwork.  
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The advantages of calcium hydroxide are that it is safer and easier to handle, 

which are the main reasons Ca(OH)2 has traditionally been used. Usually Ca(OH)2 

has been fed to the reactor as slurry. However, the pulping of Ca(OH)2 into water 

before feeding it to the process increases the amount of water in the process. This 

water has to be evaporated later in the process, which increases process costs 

significantly. The extra evaporation costs would be approximately as much as 8 % 

of the total  chemical and energy costs of the nickel recovery process (HSC Sim, 

2013). If calcium hydroxide was pulped directly into the process solution, this 

problem could be avoided. However, as seen from equations (1) and (2), the 

reaction with Ca(OH)2 produces more water than that with CaO, meaning that 

evaporation costs are still higher but this difference is less significant, as the total 

water flow at this stage would increase by less than 2 %. If CaO were fed to the 

reactor,  it  would  also  decrease  the  heating  need  as  the  slaking  reaction  of  CaO  

with water is highly exothermic. Lime has to be fed under the stoichiometric 

amount to prevent its presence in further process steps. Myers (1960) claimed that 

the complete reaction of ammonium chloride is difficult to achieve even with 

excess lime. In the nickel chloride leaching process, some ammonium chloride 

can be left in the solution. Both types of lime are studied in the simulation section. 

If the aim is to feed lime as slurry without increasing the amount of water, there 

are two pulping options. Lime can be pulped into the process solution or into the 

solution that is recycled in the regeneration process. If lime is pulped into the 

process solution, the pulping has to be done in a mixing tank. As the reactions are 

quite fast, ammonia would be produced in this pulping tank. Hence there is no 

practical difference compared to feeding solid lime into the reactor where the 

ammonia is formed. If lime is pulped into the solution that is recycled from the 

stripping column, ammonia is not formed as the recycled solution does not 

contain  a  significant  amount  of  ammonium  chloride.  This  solution  could  be  fed  

into the reactor. However, this method would increase the flow rate to the 

stripping column, which would increase the size of the column and gas flow rate 

as well as the size of other equipment.  

The lime feeding method has to be selected depending on a selection between 

capital and operating expenses. Pneumatic feeding of solid lime increases the 
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capital expenses as the size of the air purification equipment has to be increased, 

but operating expenses are lower as water is not added to the process and 

evaporation of pulping water is not required. The mechanical feeding of lime 

directly into the reactor with, for instance, a screw feeder would be a good option, 

if clogging problems could be avoided. Pulping into fresh water increases 

operating expenses as evaporation has to be done and it also increases flow rates, 

which increases the size of the equipment. This is a problem only if the pulping is 

done into additional water and the lime is fed to the process as slurry. Evaporation 

is needed only for removing the water that enters the process in the slurry feed. 

Pulping into a recycled solution is the best option for the pre-pulping of lime as it 

does  not  increase  the  amount  of  water  in  the  whole  process  but  only  in  the  

regeneration process. This increases the equipment size and an additional mixing 

tank is needed, meaning slightly higher capital costs. 

4.2 Design of the stripping column 

McCabe and Smith (1976) present several factors that have to be designed for the 

desired operation of a plate column. The most important ones are the number of 

plates, the diameter of the column, the spacing between the plates, and the type 

and construction of the plates. In stripping, a reboiler and condenser are not used 

and are not taken into account in the design. In contrast, in this case the heat is 

provided externally by the stripping gas flow and external heating inside or 

outside the column. Some of the design can be done by with a literature study but 

some needs to be tested. In this study, simulation was also used to estimate and 

design the column. 

4.2.1 Column designs used in corresponding cases 

There are several sources that can be utilized in the structural design and the 

selection of conditions for ammonia stripping columns. The literature information 

used in this thesis is collected from several fields of industry so it cannot be used 

directly  in  this  case.  However,  some  assumptions  can  be  made  and  initial  guess  

values can be utilized from these sources. The relevant information from different 

sources  is  presented  in  this  chapter.  The  values  for  the  bases  of  the  design  are  

collected in Table III but are also explained separately.  
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Burcaw et al. (1978) and Kwasnoski et al. (1978) claimed in related patent 

applications the following column to be used in treatment of 492-1078 liters per 

minute of ammonia solution: inside diameter 5 m, height 18.3 m, number of sieve 

plates 22, active surface area of plate 1.26 m2, perforations 10 % of the active area. 

Some of these values can be used as the basis of design of the column to give a 

direction to calculations. 

The  pH  of  the  solution  entering  the  stripping  column  should  be  in  the  range  of  

10.5-11.5, and the values from the upper part of the range are more favorable 

(Schroeder and Naso, 1975; Burcaw et al., 1978; Chowdhury and Bauer, 1981). 

According to Gustin and Marinsek-Logar (2011), total removal of ammonia is 

possible only when the pH is above 11. The temperature of the feed solution can 

be, for instance, 50 °C (Gustin and Marinsek-Logar, 2011). 

The stripping gas can be either steam or air. This affects the conditions and flow 

rates  in  the  column  and  the  composition  of  the  ammonia  water  product.  The  

Solvay process traditionally uses steam (Ullmann, 1993). Bocquenet and Houssier, 

(2002) presented a steam stripping process with a temperature of 145 °C at the 

steam inlet. This was suggested for a caprolactam solution, which differs from the 

solution in the nickel recovery process. The molar liquid to steam ratio should be 

between 6-9:1 (Kwasnoski et al., 1978), which corresponds to 210-

320 L steam / L liquid. Unlike in air stripping, an air purification unit is not 

required, as air is not introduced to the process.  

The suggested air stripping temperatures for the ammonia-water mixture are in the 

range of 60 °C and 80 °C (Schroeder and Naso, 1975; Gustin and Marinsek-Logar, 

2011). In this case, the volumetric air to liquid ratio should be 370-

740 L air / L Liquid (Schroeder and Naso, 1975). In different processes, the 

suggested volumetric air to liquid ratio has been in a great range varying from 

30:1 to 6000:1 (Gustin and Marinsek-Logar, 2011). Gustin and Marinsek-Logar 

(2011) suggested an air to liquid ratio of about 1500-2000:1 for a packed bed 

where the pressure drop is lower.  

The pressure in the column should be near atmospheric. As the pressure drops in 

the column when moving upwards, there has to be overpressure at the bottom to 
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keep the top in atmospheric pressure. A slight underpressure could increase the 

ammonia evaporation efficiency but additional equipment would be needed to 

remove vapor from the column. If the column can be kept at a slight overpressure, 

the vapor will flow freely to the condensation unit and no compressor is needed. 

This means that the column has to be airtight.  

The effects of temperature, column dimensions and number of plates, gas rate and 

pressure  profile  are  evaluated  with  Aspen  simulation.  Both  air  and  steam  as  

stripping gas are studied. The results of the simulation are further used in the 

design  of  the  laboratory  test  configuration  and  test  plan  and  the  final  design  for  

the process equipment. The values that were used as preliminary definitions for 

simulation are presented in Table III.  

Table III.  Suggested values from literature to be used in ammonia stripping column 
(Combined from Burcaw et al., 1978; Kwasnoski et al., 1978; Chowdhury and 
Bauer, 1981; Gustin and Marinsek-Logar, 2011; Schroeder and Naso, 1975; 
Bocquenet and Houssier, 2002).  

 Value Unit 
Liquid feed rate 492-1078 L/min 
Diameter 5 m 
Height 18.3 m 
Plates 22  
Active area of plate 1.26 m2 
Perforations 10 % of plate area 
Feed temperature 50 °C 
Air temperature 80 °C 
Steam temperature 145 °C 
pH 11.5  
Air feed rate 370-740 L/L solution 
Steam feed rate 210-320 L/L solution 

 

4.2.2 Column design selections and calculations 

Coulson & Richardson (1993) present several column-sizing methods which can 

be  used  for  column  design.  The  relevant  ones  are  used  here  to  design  a  column  

suitable for this individual case and the results are compared with those obtained 

from the literature presented in Chapter 4.2.1. 
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The column diameter can be estimated in two different ways: one is based on 

plate spacing and maximum vapor velocity and the other on flooding vapor 

velocity and liquid and vapor flow rates. The column diameter in both cases can 

be calculated as 

= 2       (3) 

where   Dc column diameter, m 

  Vv vapor volume flow rate, m3/s 

  u vapor velocity, m/s 

 

In the first method, vapor velocity u is the maximum allowable vapor velocity , 

and in the second method the vapor design velocity ud. The maximum allowable 

vapor velocity  for method one can be calculated as 

= ( 0.171 + 0.27 0.047) ( )   (4) 

where   lt plate spacing, m 

  L density of liquid, kg/m3 

The vapor design velocity ud that is used in method two is 80 % of flooding 

velocity, which is defined as (Coulson & Richardson, 1993; Walas, 1988) 

     (5) 

where   uf flooding velocity of vapor, m/s 

  K1 constant obtained from Figure 8 

The constant K1 can be read from Figure 8 and it depends on the plate spacing lt 

and liquid-vapor flow factor 



30 
 

=      (6) 

where   FLV liquid-vapor flow factor 

   liquid mass flow-rate, kg/s 

   vapor mass flow-rate, kg/s 

 

The column diameters calculated with methods 1 and 2 are presented in Table IV 

for both air and steam. The gas flow rates are estimates used for preliminary 

design.  The  values  needed  for  determining  the  column  diameters  are  also  

presented in Table IV.  

 

 
Figure 8.  Determination of flooding constant K1 (Coulson & Richardson, 1993) 
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Table IV.  Determination of vapor velocities and column diameters with methods 1 and 2 
based on equations (4) and (5) for both air and steam. 

  Air Steam Source 
Lv, m3/s 0.026 0.026 HSC Sim model 
Lw, kg/s 34.443 34.443 
V/L 380 220 Literature suggestion 
Vv (design), m3/s 9.804 5.676 
Vw (design), kg/s 9.765 10.841 

L, kg/m3 1,335 1,335 HSC Sim model 
V, kg/m3 0.996 1.910 

lt, m 0.500 0.500 Initial selection 
uv, m/s 1.656 1.195 
ud, m/s 1.324 0.956 
Dc (method 1), m 2.746 2.459   
FLV 0.096 0.120 
K1 0.090 0.080 Figure 8 
uf, m/s 2.928 2.378 
ud, m/s 2.342 1.902 
Dc (method 2), m 2.309 1.949   

 

As seen in Table IV, the column diameter is larger for air stripping. This is due to 

the larger V/L ratio for air stripping compared to steam stripping.  

The  simplest  sieve  plate,  a  cross-flow plate  with  a  single  pass  flow pattern,  was  

selected for use in the process. The plates can be either fastened to the column 

walls or joined together with rods as stacks. The stacks are not joined to the 

column walls but are supported by rods and other supporters. Stacked or cartridge 

plates  are  used  when the  column is  small  and  a  man cannot  enter  the  column to  

assemble the plates. (Coulson & Richardson, 1993) In this case the column 

diameter  is  calculated  to  be  over  1.5  m,  which  means  that  the  plates  can  be  

fastened to the walls separately. This prevents leakage from between the wall and 

the plates.  

The plate can be divided into active area Aa and downcomer area Ad. Only the 

active area is perforated and the mass transfer takes place above this area. The 

downcomer area is about 12 % of the total area and on single-pass plates there are 

downcomer areas on both sides of the plate. Hence the active area is 76 % of the 

total column cross-sectional area. The hole active area Ah is usually approximately 
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10 % of the active area. The hole diameter dh is suggested to be at least 5 mm. 

(Coulson & Richardson, 1993) From these values the corresponding areas of the 

plate can be calculated. The hole pitch lp, i.e. the distance between the central 

points of holes, is a minimum of twice the hole diameter (Coulson & Richardson, 

1993). The different column areas and hole sizing for both column diameters 

calculated with both methods for both air and steam are presented in Table V.  

The weir at the outlet edge of the plate prevents liquid from flowing directly into 

the downcomer channel. This provides a liquid layer on the plate. This liquid layer 

is  important  for  the  mass  transfer:  the  higher  the  weir,  the  larger  the  volume  of  

liquid on the plate. This increases the contact area for mass transfer. The weir 

height is a selectable measure. A high weir increases plate efficiency but also 

increases pressure drop. Weir heights vary between 6 and 90 mm and 40 - 50 mm 

weirs are recommended. (Coulson & Richardson, 1993.)   

Table V.  Plate configurations for stripping column for air and steam stripping. Column diameters 
calculated with methods 1 and 2 based on equations (4) and (5). 

  Method 1, 
air 

Method 2, 
air 

Method 1, 
steam 

Method 2, 
steam 

Dc, m 2.75 2.31 2.46 1.95 
Column area Ac, m2 5.92 4.19 4.75 2.98 
Downcomer area Ad, m2 0.71 0.50 0.57 0.36 
Active area Aa, m2 4.50 3.18 3.61 2.27 
Hole area Ah, m2 0.45 0.32 0.36 0.23 
Hole diameter dh, m 0.005 0.005 0.005 0.005 
Holes 22,915 16,202 18,378 11,550 
Hole pitch, m 0.01 0.01 0.01 0.01 
Hole pattern Triangular Triangular Triangular Triangular 

 

The column height is dependent mostly on the column spacing, i.e. the space 

between the plates, and the number of plates (Coulson & Richardson, 1993). As 

the plates themselves are usually quite thin they do not affect the column height 

significantly. Plate spacing varies between 0.15 m and 1 m and in larger columns 

0.5 m can be used as an estimate (Coulson & Richardson, 1993). This is often 

revised when a detailed design is made. The plate spacing depends on the column 

diameter  and  column operation,  as  the  froth  layer  on  one  plate  should  not  reach  

the plate above. With larger columns larger spacing is also used. If the column is 
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installed inside a building, the plate spacing may be limited by the available 

height.  (Coulson  &  Richardson,  1993.)  Other  factors  affecting  the  total  column  

height are the additional spacing at the top and at the bottom of the column for 

feeds and take-offs.  

4.2.3 Mass transfer in stripping column 

Ammonia stripping can be done with two stripping gases: steam and air. As the 

fundamentals  of  stripping  are  different  with  these  cases  they  are  discussed  

separately. Steam stripping is based on vapor-liquid equilibrium of the ammonia-

water system and air stripping is based on partial pressures and the equilibrium of 

ammonia and water between liquid and air.  The most important factors affecting 

the  mass  transfer  are  flow  rates,  column  dimensions  and  temperature,  as  these  

affect the mass transfer, contact time, and contact area. 

The mass transfer resistance in this case is calculated in the liquid phase as the gas 

dispersed into the liquid is pure and hence there is no resistance in the gas phase 

(McCabe & Smith, 1976). This means that the resistance in the liquid side 

controls the mass transfer. As the mass transfer is calculated on the liquid side, it 

can be done identically for both air and steam stripping. 

The mass transfer is dependent on the contact area between the gas and liquid 

phases.  The  contact  area  is  provided  by  frothing  on  the  plates.  The  contact  area  

can be calculated as 

=       (7) 

where   Acontact  contact area, m2 

    molar flow rate, mol/s 

  N   flux from liquid to gas, mol/m2 s 

The flux of ammonia is the molar transfer velocity from the liquid phase to the gas 

phase and it is calculated from the Maxwell-Stefan equation  
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= ( )
     (8) 

where   x difference of mole fraction in bulk and film, - 

   average mole fraction in film, - 

  N flux, mol/m2s 

  k mass transfer coefficient, m/s 

  c concentration of diffusing substance, mol/L 

Subscript 1 refers to ammonia and subscript 2 to the stripping gas. In this case, the 

flux from gas to liquid, N2,  can  be  assumed  to  be  zero.  In  reality  this  is  only  

applicable to air. If steam is used as the stripping gas, some of it condenses into 

water. This is more of a phenomenon that concerns phase change than mass 

transfer. Also, the average air or water mole fraction in the gas side film, x2, can 

be assumed to be 1 as high flow rates are used. The mole fraction of ammonia in 

the bulk gas is on average 0.03, meaning that the mole fraction in film is 

practically zero. With these assumptions the ammonia flux from the liquid to gas 

phase N can be calculated as 

)     (9) 

where  x molar fraction of ammonia in liquid, - 

  xi molar fraction of ammonia in film on the gas side, -  

Mass transfer coefficient k can be calculated as (McCabe & Smith p.697, 1976) 

=  ( )
[ /( )]     (10) 

where   Dv volumetric diffusivity, m2/s 

   viscosity, N s/m2 

  
V density of liquid, kg/m3 

   density difference between phases, kg/m3 

  g gravitational acceleration, m/s2 

  M molecular mass of liquid, kg/kmol 
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Equation (10) is suggested for large bubbles produced when pure liquid is aerated 

on a sieve plate (McCabe & Smith p.697, 1976). The density of the liquid phase is 

1335 kg/m3, density of air 0.996 kg/m3, and density of steam 1.91 kg/m3 (HSC 

SIM, 2013; Engineering Toolbox 1, 2013, Engineering Toolbox 6, 2013). As the 

density difference is so high with both air and steam that it has no significant 

effect on results, only one calculation is done using the density of air. Volumetric 

diffusivity DV for a dilute liquid solution can be calculated as (McCabe & Smith 

p.687, 1976) 

= 7.4 10 ( )
   (11) 

where   B association parameter for solvent, 2.6 for water 

  MB molar mass of solvent, g/mol 

  VA molar volume of solute, cm3/g mol 

 

Molar volume of solvent VA can be calculated as (McCabe & Smith, 1976) 

      (12) 

The values for calculating the mass transfer coefficient, ammonia flux and contact 

area are presented in Table VI. 
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Table VI.  Values and calculations for determining mass transfer coefficient, ammonia flux 
and contact area for ammonia removal for an ammonia in water solution. 
(McCabe & Smith, 1976; Frank et al., 1996; M. Conde Engineering, 2004; 
Engineering Toolbox 2, 2013.) 

Quantity Value Unit 
B 2.6 

 
ML 18.03 g/mol 
T 343 K 

 0.000335 N s/m2 

VA 24.07 cm3/g mol 
Dv 2.504E-09 m2/s 

 1335 kg/m3 
V 0.996 kg/m3 

 1334 kg/m3 
g 9.81 m/s2 
k 4.194E-02 m/s 
c 1.333 mol/L or kmol/m3 
x 0.03 - 
xi 0.0075 - 
N 1.25 mol/m2 s 
n 40.28 mol/s 
A 32.02 m2 

 

The required contact area is approximately 32 m2, which is divided between all 

plates. This is the contact area between the gas and liquid phases in the froth, not 

the area of the plates. The ratio of contact area in the froth to the hole active area 

is 7 - 10 m2 contact area / m2 active area for an air stripping column and 2.4 –

 4 m2 contact area / m2 active area for a steam stripping column. As the 

concentrations change inside the column, the mass transfer is not divided equally 

on all plates. These values can be used as estimate for evaluating the required 

contact area. 

Frank et al. (1996) have studied the diffusivities of ammonia in water. The closest 

values corresponding to this case were studied with an ammonia mass fraction of 

0.053 at temperatures of 20-60 °C.  The comparison between the mass transfer 

coefficients, fluxes and contact areas calculated with these diffusivities and those 

obtained from equations (7), (9), (10) and (11) is presented in Table VII. 
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Table VII.  Comparison of diffusivities, mass transfer coefficients, fluxes and contact areas 
between literature data from paper by Frank et al (1996) and the calculated 
values from equations (7) - (11). 

x(NH3),- T, °C Dv, m2/s k, m/s N, mol/m2s Ac, m2 
0.053(Frank) 30 2.45E-09 4.148E-02 1.244 32.37 
0.053(Frank) 40 3.05E-09 4.628E-02 1.388 29.02 
0.053(Frank) 50 3.72E-09 5.111E-02 1.533 26.27 
0.053(Frank) 60 4.41E-09 5.565E-02 1.670 24.13 
<0.02(Frank) 17 1.84E-09 3.595E-02 1.078 37.36 
<0.02(Frank) 20 1.46E-09 3.202E-02 0.961 41.94 
0.03(Calculated) 70 2.50E-09 4.194E-02 1.258 32.02 

 

As seen in Table VII, the obtained values from equations (7) - (11) are very close 

to the values obtained by Frank et al. (1996) at temperatures of 20-30 °C, which is 

much lower than the temperature used of 70 °C. Equations (10) and (11) take the 

temperature into account only in the viscosity and density of liquid. The real 

effect of temperature on mass transfer can be seen only in actual tests. Some 

reasons for this are presented in Chapter 4.2.5.  

4.2.4 Mass transfer in steam stripping 

As the column is a countercurrent stripping column without recycles and the feed 

locations are known, the ideal steps of the column can be determined directly with 

the equilibrium curve when the operation line is determined. The ammonia-water 

equilibrium curve can be established from the equation (M. Conde Engineering, 

2004) 

( ) = 1 ln(   (13) 

where   y ammonia fraction in gas phase, - 

  x ammonia fraction in liquid phase,- 

p pressure, Pa 

p0 reference pressure, 2 MPa 

a constant,-  

m constant,- 

n constant,- 
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The values for each ai, mi, ni are obtained from Table VIII. 

Table VIII.  Values for constants a, m and n in equation (13). (M. Conde Engineering, 2004) 
i mi ni ai 
1 0 0 1.98E+01 
2 0 1 -1.18E+01 
3 0 6 2.77E+01 
4 0 7 -2.89E+01 
5 1 0 -5.92E+01 
6 2 1 5.78E+02 
7 2 2 -6.22E+00 
8 3 2 -3.42E+03 
9 4 3 1.19E+04 
10 5 4 -2.45E+04 
11 6 5 2.92E+04 
12 7 6 -1.85E+04 
13 7 7 2.35E+01 
14 8 7 4.80E+03 

 

The determination using steam as the stripping gas means that only water and 

ammonia are present in the column gas phase and take part  in the mass transfer.  

Steam stripping is based on the vapor-liquid equilibrium of an ammonia-water 

mixture, an example of which is presented in Figure 9. 
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Figure 9. Ammonia-water equilibrium T-xy curves for a pure ammonia-water solution in 

atmospheric pressure. The lower line represents the ammonia mole fraction in 
the liquid phase and the upper in the gas phase. (Aspen Plus, 2013.) 

 

The ammonia mole fraction in the entering liquid phase is about 0.03 and the 

desired mole fraction in the exiting gas phase is selected to be 0.2. The ideal steps 

can be determined using the equilibrium curve calculated from equation (13) or 

the equilibrium curve obtained using data from the property estimation of Aspen 

simulation software. The determination of ideal steps with the McCabe-Thiele 

method can be seen in Figure 10 for the equilibrium curve from equation (13) and 

Figure 11 for the Aspen equilibrium curve. With the equilibrium curve from 

equation (13), 6 ideal steps give the ammonia mole fraction of 0.000103 in the 

exiting liquid phase, corresponding to 99.65 % removal of ammonia. With the 

equilibrium curve from Aspen, 8 ideal steps are needed to reduce the ammonia 

mole fraction in the liquid phase to 0.000111, corresponding to 99.6 % removal of 

ammonia. With these removal rates, the ammonia content in liquid is 0.097-

0.105 g/L and the loss of ammonia is about 11 kg/h. 
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Figure 10.  Determination of ideal steps for ammonia stripping to steam with the McCabe-

Thiele method. Equilibrium line calculated with equation (13) (M. Conde 
Engineering, 2004).  Ammonia concentration at vapor outlet selected to be 20 
mole %. 

 

 
Figure 11. Determination of ideal steps for ammonia stripping to steam with the McCabe-

Thiele method. Equilibrium line calculated with ASPEN simulation software.  
Ammonia concentration at vapor outlet selected to be 20 mole %. 

 

The ideal steps can be transferred to real steps using plate efficiencies. Plate 

efficiencies often vary between 0.6 and 0.8 (Coulson & Richardson, 1993). The 

Murphree plate efficiency of ammonia-water stripping with sieve plates can be as 
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high as 0.9 (Coulson & Richardson, 1993). With an efficiency of 0.9, the actual 

number of plates is 7 for the M. Conde engineering equilibrium and 9 for the 

Aspen equilibrium.  

4.2.5 Mass transfer in air stripping 

Air  stripping  is  based  on  the  partial  pressures  of  the  components  and  the  

equilibrium of ammonia and water in air and liquid and mass transfer from liquid 

to  air.  The  flow  rate  of  air  has  to  be  determined  so  that  the  desired  amount  of  

ammonia can be transferred to air.  

Quan et al. (2009) found that the ammonia concentration has very little effect on 

the mass transfer coefficient in air stripping when the ammonia concentration 

varied from 1 to 5.5 g/L. However, a higher ammonia concentration increases the 

driving force, leading to more efficient mass transfer (Quan et al., 2009). The 

mass transfer coefficient increases when the temperature of gas is increased 

(Degermenci et al., 2012). The solubility of ammonia in water decreases when the 

temperature increases which also provides more evaporation (Perry, 1997). The 

solubility of ammonia in water as a function of temperature is presented in Figure 

12. The high air flow rate keeps the ammonia concentration in the gas phase low 

through the column, which increases the driving force even more effectively than 

the initial ammonia concentration (Gustin and Marinsek-Logar, 2011).  

 
Figure 12.  Solubility of ammonia in water (Engineering Toolbox 5, 2013). 
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The equilibrium of ammonia and water in solution and air can be calculated using 

Henry’s law. The concentration of ammonia in the gas phase is dependent on its 

partial pressure. The solution enters the column with 3 weight parts of ammonia in 

100 parts of water. Henry’s law coefficient for 3 % ammonia solution can be 

calculated as (Sander, 1999) 

ln( ) (1/ 1 1
298   (14) 

where   kH Henry’s law coefficient at temperature T, mol/L atm 

  k0
H Henry’s law coefficient at 298.15 K, 58 mol/L atm 

  ln( ) (1/ ) constant, 4100 K 

 

The coefficient kH can be transformed into coefficient kH,inv which represents 

volatility instead of solubility. The product of coefficient kH and inverse 

coefficient kH,inv is constant with a value of 55.3 mol/L. (Sander, 1999.) The 

coefficients kH and kH,inv as a function of temperature are presented in  

Table IX.  
 
Table IX.  Henry's law coefficients for ammonia-water mixture as a function of temperature 

calculated with equation (14) and inverse Henry’s law coefficients for volatility. 
T, °C kH, mol/L atm kH,inv, atm 
50 19.99 2.76 
60 13.65 4.04 
70 9.53 5.79 
80 6.79 8.13 
90 4.94 11.20 
100 3.65 15.16 

 

The partial pressure of ammonia in the gas phase can be calculated from the 

equation 

      (15) 

where   pi partial pressure of ammonia in air, atm 

x molar fraction of ammonia in the solution, - 

kH,inv inverse Henry’s law coefficient for volatility, atm 
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and the fraction of ammonia in the gas phase is 

=       (16) 

The equilibrium curve can be determined based on equations (15) and (16).  

Two equilibrium lines are determined at temperatures of 65 °C and 70 °C to take 

into account the temperature profile in the column. The temperature in the column 

was estimated from the literature data and Aspen simulation. The temperature was 

found to decrease towards the top of the column, so the equilibrium line for lower 

temperature is used for the first steps. The ammonia concentration at the outlet 

vapor was selected to be 11 mole %. The equilibrium curves of ammonia between 

the solution and air and the determination of ideal steps for stripping are presented 

in Figure 13. 

 
Figure 13. Determination of ideal steps for ammonia stripping to air with the McCabe-

Thiele method. Equilibrium lines are calculated by Henry’s law. Upper 
equilibrium line at 70 °C and lower at 65 °C. The equilibrium line is changed 
according to the temperature profile in the column. Temperature profile 
calculated using Aspen simulation. Ammonia concentration at the vapor outlet 
selected to be 11 mole %. 

 

The determination of ideal steps by the McCabe-Thiele method gives 13 ideal 

steps for 99.5 % removal of ammonia. The ammonia mole fraction in the liquid 

phase is reduced to 0.000132 and the ammonia loss is about 13.5 kg/h. With an 
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efficiency of 0.9 (Coulson & Richardson, 1993), the number of actual plates in 

this case is 15.  

Water evaporation can be determined from the partial pressure of water in air. The 

water mass fraction in air can be calculated from the vapor pressures of water, 

which are provided by Perry (1997). The water mass fraction in air is presented in 

Figure 14. If a temperature of 80 °C is used in air stripping, the water fraction in 

vapor would be approximately 0.46. As seen in the figure, the water mass fraction 

decreases quite rapidly when the temperature is decreased. Hence a lower 

temperature would be advantageous in order to achieve more concentrated 

ammonia water. The water evaporation rate at a certain temperature and hence the 

ammonia concentration in ammonia water is dependent on the air flow rate. With 

lower air flow rates, the amount of evaporated water is smaller and more 

concentrated ammonia water is achieved. However, the temperature and the air 

flow rate should be sufficient enough to achieve complete ammonia removal from 

the solution. 

 
Figure 14.  Water mass fraction in air based on vapor pressure of pure water. Water vapor 

pressures obtained from (Perry, 1997). 
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was on the stripping column but the reactor and condensation were also simulated. 

The factors that were studied by simulation were the neutralizing agent, stripping 

gas, gas flow rate, column size, number of plates, temperature in the column, and 

the  operation  of  all  units.  The  desired  results  consist  of  the  selection  of  process  

compounds, equipment configuration, sizing, and conditions. The results are 

evaluated according to the compositions of the final streams, especially ammonia 

water.  

The simulation flowsheet consisted of the reactor, cooler, stripping column, and 

condenser. The simulation flowsheet from Aspen is presented in Figure 15 and 

Appendix II, where the models and specifications of the simulation feed streams 

and units are also specified. The inlet flows to the system were determined 

according to the HSC SIM model of the nickel matte chloride leaching process 

and the flow rate was 93 m3/h (HSC SIM, 2013). Some minor components of the 

solution were ignored as the purpose was to study ammonia regeneration. In 

addition to the components participating in the reaction and separation, calcium 

chloride was also included in the feed stream as it is present in high amounts and 

can affect the equilibria in the column. Due to the simplification of the process 

solution,  the  flow  rates  and  other  specifications  in  the  simulation  have  small  

differences compared to the values in the HSC SIM model. 

 
Figure 15.  Flowsheet of Aspen simulation. The process consists of a regeneration reactor, 

stripping column and condenser. NH3 water is the main product of the process. 
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The simulation was done using the ideal property method, which can be used for 

dilute solutions and is good for using Henry’s law for equilibrium calculations in 

the gas phase (Aspen, 2013). The following assumptions were made for the 

simulation: the conversion of lime in the regeneration reactor is 1 and the lime 

feed rate was adjusted so that some ammonium chloride was left after the reaction. 

The reaction takes place completely in the reactor and no reactions take place in 

the column.  

5.1 Simulation of the regeneration reactor 

The  goals  of  the  reactor  simulation  were  to  find  the  cooling  requirement  of  the  

reactor and the effect of neutralizing agent. The regeneration reaction was 

determined so that all of the lime was consumed in the reaction, and therefore 

lime was fed under stoichiometric amount. Some ammonium chloride was left in 

the solution to prevent the presence of lime in the subsequent units. The lime feed 

was studied in form of solid CaO and solid Ca(OH)2.  The energy balance of the 

reactor was determined for each case.   

As the reactions are exothermic, the temperature of the solution rises so external 

cooling had to be provided. The heat duty of the reactor was determined by 

simulation. A cooler was placed after the reactor to condense the gas phase in the 

outlet stream to liquid. In reality this cooler would not be necessary as the reactor 

outlet would be under the liquid surface. 

As the lime can be fed either as Ca(OH)2 or CaO, there are two possible reactions: 

(1) and (2). However, CaO will react with the water present in the solution as 

( )      (17) 

This lime slaking reaction is very fast compared to the neutralizing reactions 

meaning that practically all neutralization happens between the NH4Cl and 

Ca(OH)2.  Thus  the  reaction  rate  of  the  neutralization  reaction  determines  the  

reaction time. 
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The Aspen simulation model cannot model reaction kinetics, which has to be 

determined by testing. The reaction between ammonium chloride and lime is 

estimated to be quite rapid according to previous testwork.  

5.2 Simulation of the stripping column 

The main goal of the column simulation was to achieve a suitable ammonia water 

composition.  All  of  the  ammonia  should  exit  the  column as  vapor  and  the  water  

content of the vapor should be kept appropriate for achieving an ammonia water 

product of 10-20 mass % ammonia. Furthermore, all other substances should exit 

the column in the liquid phase.  

The column was modeled as a countercurrent stripping column with no reflux or 

reboiler. The column type selected was a sieve plate column as determined in 

Chapter 3.2.5.  These kinds of columns are generally in use in ammonia stripping 

(Burcaw et al., 1978; Kwasnoski et al., 1978; Chowdhury and Bauer, 1981). The 

column pressure was slightly under atmospheric pressure unlike in real a case, 

where  a  small  overpressure  would  probably  be  used.  The  column was  simulated  

with air and steam separately as the phenomena are different in both cases. In air 

stripping, steam was added to the air stream to provide sufficient heating. This 

method has also been applied in real processes (Schroeder and Naso, 1975). The 

flow rates and temperatures for both gases were determined. Furthermore, the 

number of plates, plate spacing, column diameter, and temperatures were 

optimized. 

5.3 Simulation of the condensation unit 

The  condenser  was  modeled  as  a  tube  and  shell  condenser.  The  operation  of  

condenser is based on heat exchange between the ammonia-water vapor and 

cooling water. The ammonia-water solution should be cooled so that it condenses 

thoroughly.  Ammonia  can  be  kept  in  solution  due  to  its  solubility  in  water.  The  

solubility of ammonia in water is higher at low temperatures as seen in Figure 12 

meaning  the  temperature  of  the  solution  should  be  sufficiently  low.  The  amount  

and temperature of cooling water to condense all of the vapor was determined. 

The main substance in the vapor is air, which does not condense to liquid at the 
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temperatures used. In a real case, it would be separated from the cooled ammonia 

water and routed to a scrubber where it would be cleaned before being released 

into the atmosphere. However, as this is well known technology it was not 

included in the process scope. Thus the ammonia water flow includes air, which 

affects the stream results, but the product compositions and flow rates in the 

results were calculated without air. With steam stripping the condensation could 

be studied more precisely as there is no air present in the vapor flow. 

6 LABORATORY EXPERIMENTS 

Laboratory experiments were done to demonstrate the applicability of the 

regeneration and separation in the nickel recovery process. As the process solution 

and the concentrations are quite different compared to those traditionally present 

in an ammonia regeneration process, the problems and challenges could not be 

estimated based on the literature survey. Testwork was done to find these 

problems and to study solutions for them. The results from the literature-based 

calculations and simulation were used as the basis of the experiments. The main 

goal was to prove that it is possible to perform ammonia regeneration and 

separation well enough and that an ammonia water solution with of 10 – 

20  mass  %  ammonia  can  be  achieved  as  a  product  in  a  real  process.  As  the  

laboratory column did not represent a real column, the results from the laboratory 

experiments do not represent the real stripping process either. 

6.1 Chemicals used in the laboratory tests 

The solution used in the laboratory test was simplified from the real process 

solution. The solution contained only ammonium chloride and calcium chloride. 

Calcium chloride was included to see its effect on the stripping, as it is present in 

high concentration in the process. The chemicals used are presented in Table X. 

Calcium hydroxide was used as reactant in the regeneration reactor and sulfuric 

acid to neutralize ammonia in the gas flow before releasing air from the process. 
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Table X.  Chemicals used in laboratory tests. 
Chemical Purity Manufacturer Impurities 
NH4Cl 99.3 % BASF SA Ca3(PO4)2 
CaCl2 
(CC Road 
flakes) 

77 % Tetra Chemicals 
Europe 

NaCl (6%), MgCl2, 
CaCO3, Ca(OH)2, CaO, 
alkali metal chlorides, 
alkali earth metal 
chlorides 

Ca(OH)2 90 % Nordkalk  
H2SO4 98 % J.T. Baker  
H2O Tap water   

 

Two initial solutions were used during the tests. The compositions of these 

solutions are presented in Table XI. 

Table XI.  Feed solution concentrations in laboratory tests. 
  Solution 1 Solution 2 
NH4Cl, g/L 58.11 69.68 
CaCl2, g/L 357 431 
Volume, L 109 122 
Tests 1-14 15-31 

 

6.2 Design of experimental setup 

The main goal of the laboratory experiments was to study the stripping 

phenomena in the column. The experimental setup was made using a suitable 

column configuration. The laboratory equipment consisted of a reactor, stripping 

column, condensation units, and gas purification units. As the solutions and the 

vapor contained ammonia and chlorides, the equipment had to be durable in these 

conditions. The applicable materials that were used were titanium, glass, and 

rubber. Tygon® Lab tubing was used for the liquid streams and silicon tubing was 

used for the gas streams. The liquid tubing size was 6 mm and the gas tubing size 

12 mm. Plastic tubing could be used for cooling water and inlet air, as these did 

not contain any corrosive substances. The flowsheet of the laboratory setup can be 

seen in Figure 16, and Appendix III.  
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Figure 16.  Flowsheet of the laboratory experimental setup. The equipment consisted of a 

feed reactor, stripping column, two condenser units, collector tanks,  gas 
purification bottles, feed flow control pumps, rotameter and column heaters. 

 

The flow rates to the process were determined according to the column 

dimensions.  As  the  column diameter  had  to  be  large  enough to  manufacture  and  

install the sieve plates, this was the restricting factor. The dimensioning and 

design of the column is presented in more detail in Chapter 6.2.1. The applicable 

liquid flow rate was found to be approximately 10 L/h and a suitable gas flow rate 

for the column between 440 – 660 L/h, which were used in all other dimensioning. 

As it was estimated that the equilibrium in the column would be reached in 

approximately 2 minutes, the total run time of 30 minutes was selected for single 

batch test. Within this time, the obtained product volumes were large enough and 

the time before the equilibrium was relatively little. In addition, the equipment 

size could be kept on a reasonable scale. Hence, the batch size of the process 

solution was selected to be 5 L.  

Either a 7-liter or a 12-liter reactor was used in the tests. The regeneration reactors 

were baffled reactors with a 4-blade pitched blade turbine impeller with a 

diameter of 73 mm. Both of the reactors and the impeller were made of titanium. 

A heating plate was placed under the reactor to provide heating for the reaction. 

TI

TIC

TIAir

Feed reactor

Column, n=16

Condensers

Air out

Collector tank 1

Bubbling bottles

Rotameter

Boiling plate TC

FI

FC

FC

PI

Vapor

Condenser air

Cooling water out

Cooling water in

Liquid out

Feed

Airfeed

Boiling plate Collector bottle



51 
 

The column feed pump was a hose pump with a speed controller. The pump 

capacity was 19 L/h. In some tests two parallel pumps were used to raise the flow 

rate  to  38  L/h.  Air  flow  to  the  column  was  controlled  with  a  rotameter  and  a  

control valve. The rotameter capacity was 10.46 Nm3/h with 1 bar overpressure.  

The liquid outlet from the column was collected in an 11 L bucket. The outlet 

vapor was routed to a 2 L flask. The vapor flow from the flask was cooled in two 

serial countercurrent cooling units with water in order to condense water and 

ammonia into the flask. As a large part of the ammonia water was found to move 

forward  with  the  air  flow,  an  additional  bottle  was  used  to  collect  the  ammonia  

water after condensation before neutralization. The air flow from the collector 

bottle was bubbled into two serial 5 L Erlenmeyer flasks, containing 

approximately 3 L of 25-120 g/L sulfuric acid solution each. The bubbling was 

done  to  neutralize  any  ammonia  present  in  the  gas  flow.  The  acid  concentration  

varied as some acid was always neutralized by ammonia and some was added to 

the bottles. The exact sulfuric acid concentration was determined before and after 

every test. The laboratory setup can be seen in Figure 17 and in Appendix III. 

 

 
Figure 17.  Setup of the ammonia regeneration laboratory tests. 
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6.2.1 Design of laboratory stripping column 

The  design  liquid  flow  rate  to  the  process  was  10  L/h  and  the  air  flow  rate  was  

fitted  to  give  the  right  column  diameter  as  calculated  by  equation  (3)  with  a  

suitable flow velocity. A smaller liquid flow rate could cause channeling in the 

flow  pattern,  which  would  be  very  difficult  to  control  and  the  contact  with  gas  

would not be achieved as desired. However, higher liquid flow rates could be used 

as they only increase the liquid level on the plates, which increases the contact 

area between gas and liquid. The design flow rates for air were between 4 and 

7 m3/h.  With  these  flow rates  the  velocity  of  air  in  the  holes  is  between 3.6  and  

6.3 m/s, which are high enough to prevent weeping. 

The ideal mass transfer steps were determined similarly to the large-scale column 

in Chapter 4.2.5. The equilibrium line was determined by Henry’s law at 70 °C. 

The inlet ammonia mole fraction was 0.024, which was determined from the 

ammonium content of the feed solution. The desired ammonia mole fraction in the 

vapor outlet was selected to be 0.1. The determination of ideal steps for laboratory 

column can be seen in Figure 18. With the concentrations presented above, 99 % 

ammonia removal from liquid is achieved with 14 ideal steps. If 90 % plate 

efficiency is assumed, the number of plates would be 15.5 and the selected 

number of plates in the laboratory column was 16. The plates were fastened to a 

rod  so  they  could  be  installed  in  the  column  as  a  stack.  The  column  cover  was  

removable in order to install and remove the stack. 
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Figure 18.  Determination of ideal steps for ammonia stripping to air in a laboratory column 

with the McCabe-Thiele method. Equilibrium line calculated by Henry’s law at 
70 °C. Initial ammonia mass fraction of 2.4 mole % calculated from ammonium 
analysis of feed solution. Result of 99 % removal of ammonia can be obtained 
with 14 ideal steps. 

 

Most of the column design equations and guides are made for large-scale plant 

columns, which, in some cases, restrict their use in laboratory column design. 

However, these equations and calculations can be used as a basis for column 

calculations when precautions are taken and some modifications are done. Some 

of the values suggested in the literature, such as hole size, can be used directly as 

they affect the mass transfer directly. Most of the values can be scaled down from 

a bigger column but some values and even principles have to be changed to obtain 

the desired column functions on a smaller scale. As the flow rates are small, the 

flow patterns have to be carefully designed to prevent leakage through the holes 

and channeling of air through downcomers.  

The column diameter is dependent on the flow rates and the flooding velocity of 

the gas. Methods presented in Chapter 4.2.2 can be used for determining the 

column diameter (Coulson & Richardson, 1993). The initial information and 

calculation results are presented in Table XII. 
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Table XII.  Properties of design flows in the laboratory column and design criteria. 
Quantity Value Design criteria 
Liquid flow rate, LV 10 L/h  

Gas flow rate, VV 5800 L/h 
580 times LV, to give right 
D for column 

Liquid density, L 1335 kg/m3 From HSC SIM model 
Gas density, V 0.996 kg/m3 Air 
Liquid-vapor flow factor, FLV 0.0616 Equation (6) 
Constant for uf, K1 0.0135 From Figure 8 
Flooding velocity, uf 0.48 m/s Equation (5) 
Design velocity, ud 0.39 m/s 80 % of uf 

 

From the design velocity and gas flow rate the column diameter can be calculated 

as 

= 2      (18) 

where   D column inner diameter, m 

  dp diameter of support pole, 0.01 m 

  VV vapor volume flow-rate, m3/s 

  ud vapor design velocity, m/s  

The column inner diameter was selected to be 82.9 mm, which was a standard size 

of a titanium pipe available for column manufacturing. This diameter is achieved 

with the flow rates presented in Table XII.  

The plate distance was selected to be 4 cm. This value had to be assumed as the 

literature guides only suggest plate distances over 15 cm for full-scale columns. 

The plate distance in the laboratory column was about half of the column diameter. 

This was estimated to be large enough to prevent entrainment but small enough to 

keep the column within reasonable height.  

The hole size for the sieve plates is suggested to be 5 mm in diameter (Coulson & 

Richardson, 1993). The same hole size was used in the laboratory column to 

achieve the same flow properties for air. Cutting increased the hole size to 5.3 mm. 
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The holes were set only in three rows near the downcomer entrance to reduce the 

amount  of  gas  needed  in  the  column.  In  real  columns,  the  perforated  area  is  the  

entire plate excluding the calming zone and the downcomer area. The holes were 

placed in a triangular pattern, which is the preferred arrangement for holes 

(Coulson & Richardson, 1993). Thus the amount of holes was 16, which 

corresponds to 7.5 % of the total active area. The hole active area is usually about 

10  %  (Coulson  &  Richardson,  1993)  so  the  active  area  is  still  quite  close  to  

normal but is slightly restricted to reduce the required gas flow rate. The placing 

of holes near the downcomer entrance means they are on different sides in turn. If 

there were leakage through a hole, it would drop onto a solid plate instead of 

dropping through multiple holes. The ratio of hole pitch to hole diameter should 

be  over  2,  which  was  also  used  in  the  laboratory  plates  (Coulson  & Richardson,  

1993). The hole placing and the structure of the plates are presented in Figure 19. 

The downcomer area is suggested to be about 12 % of the plate area (Coulson & 

Richardson, 1993). Another factor that determined the downcomer area in this 

case was the manufacturing of small plates. The distance of the downcomer from 

the  column  wall  had  to  be  at  least  15  mm  at  the  widest  point  so  that  the  

manufacturing and the sealing would be possible. With a 15 mm distance, the area 

of the downcomer is approximately 12 %, which corresponds to the suggested 

value. However, with this large a downcomer, the liquid flow would not be large 

enough to maintain a liquid layer in the downcomers. This would lead to air 

flowing upwards in the downcomers instead of through the holes in the plates and 

liquid leaking through the plate holes, meaning that the mass transfer would not 

occur as planned. This was prevented by using downcomers of a height similar to 

the plate distance and small slots at the bottom of the downcomers for the liquid 

flow. The flow channel onto the plate was thus decreased, meaning that there was 

a liquid seal inside the downcomers which prevents the air flow.  

The diameter of the plates was reduced to 80 mm to leave space for sealing. The 

plate sides were sealed with split silicon tubing that was attached to the plate with 

Teflon  tape.   The  weir  height  was  restricted  by  the  height  of  the  sealing.  As  the  

sealing  was  not  perfect,  the  weir  could  be  only  as  high  as  the  sealing  to  prevent  

leakages  from  the  sides  of  the  plate.  Thus  the  weir  was  selected  to  be  
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approximately 2 mm. The weir was made from sealant tape, meaning that the 

exact height of the weir may vary a little. Although the weir was not high, it was 

important  as  it  determined  the  liquid  layer  on  the  plate  which  provides  the  mass  

transfer contact area.  

The column specifications and reasoning are presented in Table XIII. The drawing 

of  a  sieve  plate  is  presented  in  top  view in  Figure  19  and  by  photographs  in  top  

view in Figure 20 and front view in Figure 21.  

Table XIII.   Laboratory column specifications and design criteria. 
Quantity Value Design criteria 
Height, H 1000 mm Plate spacing and other requirements 
Inner diameter, D 82.9 mm Available size 
Wall thickness, sw 3 mm Pipe specification 
Support pole, dp 10 mm Available size 
Number of plates 16 14 ideal steps, 90 % plate efficiency 
Plate diameter, Dp 80 mm Sealing space requirements 
Plate thickness, st  2 mm  Available material 
Plate spacing, ht 40 mm ~50 % of D, estimated 
Plate area, Ac 5485 mm2 Calculated 

Downcomer area, Ad 663 mm2 
12 % of Ac (Coulson & Richardson, 
1993) 

Total active area, Aa 4102 mm2  76 % of Ac 

Hole active area, Ah 328 mm2 
8 % of Aa (Coulson & Richardson, 
1993) 

Number of holes 16 ~8 % of Aa, fitted into three rows 

Hole diameter, dh 5 mm 
Preferred (Coulson & Richardson, 
1993) 

Hole placing Triangular  
Preferred (Coulson & Richardson, 
1993) 

Hole pitch, lp 10 mm 2 x dh 
Downcomer height, hd 40 mm Similar to ht 
Weir height 2 mm Restricted by sealing 
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Figure 19.  The drawing of the sieve plate used in the laboratory column. View from the top. 

The  arrow  from  the  bottom  indicates  the  90  °  fold  for  the  downcomer.  All  
measurements in millimeters. 

 

 
Figure 20.  A sieve plate used in the laboratory column. View from the top. The edge 

sealing and the weir also installed on the plate. 
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Figure 21.  A  sieve  plate  used  in  the  laboratory  column.  View  from  the  front.  The  liquid  
flow channels can be seen in the lower edge of the downcomer.  

 

The liquid inlet into the column was done through the cover of the column via a 

pipe, which introduced the liquid into the calming zone of the first plate. The feed 

inlet through the wall of the column as seen in Figure 5 (a) was not possible 

because of the heating jacket. With this kind of feeding mode, the first plate 

worked similarly to all other plates. The gas inlet was made through the column 

wall  at  the  bottom  of  the  column  but  above  the  liquid  outlet.  The  gas  flow  was  

assumed to spread to the entire column area without any additional devices. The 

liquid  outlet  was  made  by  a  pipe  through  the  column  wall  at  the  bottom  of  the  

column. The pipe was curved upwards outside the column and compressed to give 

backpressure, which prevents gas flowing through the liquid outlet pipe. The gas 

outlet was through the column cover via a collector pipe. A schematic drawing of 

the column with inlets and outlets is presented in Figure 22. 
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Figure 22.  Schematic drawing of laboratory column inlets and outlets. Total height of the 

column 1m and outer diameter 88.3 mm. 
 

The column was heated with an external electric heater. The heater was placed 

around the column. The power of the heater was 1.5 kW, which was the highest 

available  power  of  the  resistors  with  a  size  matching  the  column  dimensions.  

Heating was needed to keep the column temperature at about 70 °C and to provide 

enough heat for evaporation. A hot plate was installed under the column to 

provide extra heating and to ease the control of the column temperature profile. 

6.3 Testwork 

Testwork  was  done  to  determine  the  optimal  conditions  and  equipment  

configuration for the stripping process on laboratory scale. The main goals of the 

tests were to find the optimal conditions and parameters for removing all of the 

ammonia from the solution with a suitable ammonia water concentration and the 

optimal reactor setup. In addition, the condensation and ammonia recovery were 
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studied. The variables were the air and solution flow rates, column heating, 

reaction time, and reaction temperature.  

The first  step was to determine the operational area of the column with different 

air flow rates. The operational limits can be seen from the changes in the pressure 

drop in the column. The pressure drop was studied by varying the gas flow rate 

with four liquid flow rates, 5 L/h, 10 L/h, 15 L/h, and 38 L/h. As the pressure 

sensor did not tolerate chloride solutions, the pressure drop testing was done with 

water and air. The properties of water were estimated to be similar enough to 

those  of  a  real  solution.  The  theoretical  gas  flows  in  the  operational  area  of  the  

column were calculated to be between 4.6 m3/h and 7.25 m3/h. With lower flows, 

the column would weep and with higher, it would flood. 

The regeneration and separation tests were done with either 5-, 7.5- or 10-liter 

batches of the solution into which Ca(OH)2 was  added  slightly  under  the  

stoichiometric amount. The mixing rate was 250 rpm and the mixing was turned 

off before feeding the solution into the column. This was done to decrease the 

solids flow into the column. The feed was continued until the pump started to 

pump air from the reactor. This way most of the solid residual together with some 

solution were left in the reactor. The exact feed time varied slightly even with the 

same batch sizes as the takeoff pipe was not positioned exactly the same in all the 

tests.  A  sample  from  the  liquid  collector  tank  was  taken  when  the  feeding  was  

stopped so that the sample represented the equilibrium phase of the column as 

accurately as possible. An ammonia water sample was taken from the combined 

liquid from both collector bottles. Condensation and neutralization were 

controlled according to the demands of the process. Condensation was controlled 

by the cooling water feed flow rate to keep the temperature of the gas flow at the 

condenser exit sufficiently low. Neutralization was controlled by analyzing the 

acid concentration and consumption before and after each experiment and 

adjusting the concentration before each test. 
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The  first  test  series,  including  tests  1-8,  was  made  with  16  plates  and  a  constant  

liquid flow rate of 10 L/h and altering the gas flow rate between 4.3 m3/h and 

6.9 m3/h. The reaction temperature was the ambient temperature of 22 °C and the 

reaction time 10 minutes. In the second series, including tests 9-16, the column 

heating  temperatures  of  the  hot  plate  and  external  resistor  were  altered  with  two 

gas flow rates, 5.4 and 6 m3/h, which were selected according to the results from 

test series one. In series two, the reactor temperature was varied between 30 and 

65 °C and the mixing time between 30 and 120 minutes. In the third series, 

including tests 17-25, the reaction temperature, reaction time, and gas flow rate 

were studied with high heating power. Some tests which had shown the best 

results were repeated to ensure the results. In the fourth series, including tests 26-

31, the liquid flow rate was increased to 19 – 38 L/h to obtain smaller vapor-liquid 

ratios. The column temperatures were kept high to study the ammonia evaporation 

with high heating and low vapor flows to reduce the water evaporation.  

During the testing, the setup of the variables was selected according to the best 

results from previous tests series to find the optimal setup for all parameters. 

However, in some tests quite radical changes were made to find out the effect of 

the factor concerned. These tests were a minority and the main focus was on 

finding  the  best  conditions  for  both  reactor  and  column.  The  test  program  is  

presented in Table XIV. 

Table XIV.  Test program of laboratory experiments. 

Tests 

Liquid 
flow, 
L/h 

Gas 
flow, 
m3/h 

Resistor 
T, °C 

Plate 
T, °C 

Reaction 
time, min 

Reaction 
T, °C 

1-8 10 4.3-6.9 max 70-80 10 22 
9-16 10 5.4, 6 0-max 0-max 30-120 22-49 
17-25 5-15 4.3-6 80-max 60-70 30-120 44-66 
26-31 19-38 3-6 max 60-max 30 62-67 
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7 RESULTS AND DISCUSSION 

The mass transfer phenomena and the process operation were studied using Aspen 

process simulation and laboratory testwork. Aspen simulation was done to predict 

the operation of the regeneration process on plant scale and laboratory testing to 

study the phenomena and operation of the process in reality. The results from 

these two methods are discussed separately but are combined as one process 

solution, which is presented in Chapter 8. 

7.1 Results of Aspen simulation 

The simulation results consist of mass and energy balance results and equipment 

design results. The balance results concentrate on the feed streams and product 

streams, mainly ammonia water. The equipment design results concentrate on the 

stripping column, which is the main unit in the process. The results of the other 

streams and apparatus are also shown and discussed briefly. The results cover all 

regeneration and separation possibilities, both CaO and Ca(OH)2 as neutralizing 

agent, and both air and steam as stripping gas.  

7.1.1 Results of mass and energy balances 

The  feed  streams  were  determined  according  to  the  HSC  SIM  model  of  the  

process (HSC SIM, 2013).  Only the reacting species NH4Cl and Ca(OH)2, water 

and calcium chloride were included in the Aspen simulation the with flow rates 

shown in Table XV. Calcium hydroxide was fed under stoichiometric amount so 

that less than 1 g/L NH4Cl was left in the solution. The entire stream tables for all 

cases can be seen in Appendix II. The most important stream results are presented 

in Table XVI. 

Table XV.  Composition of feed stream in Aspen simulation. 
Compound Feed rate, t/h 
NH4Cl 7.75 
CaCl2 40 
H2O 65.8 
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The ammonia concentrations achieved for the ammonia water were between 19.4-

20.1 mass % with air stripping and 10.3-11.7 mass % with steam stripping. As the 

desired content was 10-20 mass %, the conditions and flow rates with which these 

values were achieved were taken as the results of the simulation. With air 

stripping, the values were higher as air participates in the separation and some 

ammonia  exits  the  column solubilized  in  air.  In  steam stripping  all  the  ammonia  

was in the water vapor and thus the overall concentration in the vapor is lower. 

The required air flow rate for complete ammonia recovery was approximately 

12 m3/s and approximately 5.2 m3/s (9.9 kg/s) steam was used in the air stream to 

provide heat, which also participated in the stripping. The volumetric gas to liquid 

ratio V/L was thus about 264 L gas / L liquid. This is considerably lower than the 

suggested 370-740 L air / L liquid. Schroeder and Naso (1975) suggested rates of 

370-740 for weak ammonia liquors containing 5 mg/L or more ammonia. In this 

case, the initial ammonia content is about 22.5 g/L, which means the driving force 

of the mass transfer is higher in the first stages and can reduce the amount of gas 

required. The overall composition also varies a lot as the liquid in Schroeder and 

Naso’s case is a solution from a coke process, meaning it contains different 

impurities than the nickel chloride leaching process. The patent by Schroeder and 

Naso (1975) was suggested for packed bed columns where the pressure drop is 

lower. These factors affect the need of air in stripping. The steam in the vapor 

flow provides heating, which increases the ammonia evaporation. In simulation, 

the air feed temperature was 95 °C and the steam temperature was 110 °C. The 

patent of Schroeder and Naso (1975) uses an air feed temperature of between 60 

and 80 °C, meaning that the partial pressure of ammonia is lower and the gas 

phase cannot contain as much ammonia. 

The required steam flow rate for complete ammonia recovery was 13 m3/s 

(24.8 kg/s) at a temperature of 145 °C. The V/L ratio in this case was 

approximately 197, which is again lower than the suggested 210-320. The 

difference is not as large as with air. With steam, the mass transfer is based on the 

simple equilibria of ammonia and water between the gas and liquid phase. With 

air,  the  system  is  more  complicated  as  there  is  also  air  involved  and  the  phase  
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equilibria are dependent on multiple factors. This makes steam stripping more 

predictable than air stripping. 

The separation of ammonia was practically 100 % in all cases. In air stripping, the 

fraction of water exiting the column in the gas phase was approximately 12.5 % of 

the total amount of water entering the column. With steam stripping, the fraction 

was 20-23 % and the rest exited in the liquid phase. The other substances in the 

solution, NH4Cl and CaCl2, stayed practically entirely in the liquid phase. Hence, 

the ammonia was separated perfectly and the other compounds were kept in the 

solution so the separation goals were achieved. 

Table XVI.  Simulation results for stripping column flows and separation. 
 Air Steam 
Liquid flow rate, m3/h 237 237 
Gas flow rate, m3/s 12.2 air + 5.2 steam 13 
Gas flow rate, kg/s 12.15 air + 9.9 steam 24.8 
Gas flow ratio, L/L solution 264 197 
Ammonia separation, % 100 100 
Ammonia fraction in vapor, mass-% 4.15-4.17 10.3-11.6 
Ammonia fraction in NH3 water, mass % 19.5-20.1 10.3-11.6 
Water separation into gas phase, mass % 12.5 20-23 
NH4Cl fraction in gas phase, mass % ~0 ~0 
CaCl2 fraction in gas phase, mass % ~0 ~0 

 

7.1.2 Results of equipment design 

The reactor was determined so that the conversion of lime was 1 and 0.018 g/L 

ammonium  chloride  was  left  in  the  solution.  The  conditions  in  the  reactor  were  

120  kPa  and  90  °C.  As  the  reactions  are  exothermic,  the  heat  duty  was  the  most  

interesting result. The lime slaking reaction (17) is also exothermic and decreases 

the reaction enthalpy. 

Aspen simulation gave the reactor heat duties to keep the solution at 90 °C but the 

feed temperature was set to be 95 °C, which increased the decreased the reactor 

enthalpies. If this 5 °C cooling is excluded from the Aspen enthalpy calculations, 

the enthalpy results are closer to each other but there are still some differences. 

The enthalpy of reaction (1) between ammonium chloride and calcium hydroxide 
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is -359 kW at 90 °C and the enthalpy of reaction (2) between ammonium chloride 

and calcium oxide is -1711 kW at 90 °C (HSC, 2013). These enthalpies would 

cause the overall solution temperature to rise by 2.6 °C with Ca(OH)2 and 12.3 °C 

with CaO. The enthalpies obtained from Aspen simulation were 274 kW for the 

Ca(OH)2 reaction and -7247 kW for the CaO reaction. The temperature in the 

reactor would decrease 2.0 °C with Ca(OH)2 reaction and increase by 52.1 °C 

with CaO reaction. Especially the enthalpies of reaction (2) obtained from Aspen 

simulation differed a lot from those calculated with HSC. The solution enthalpy 

and temperature changes are presented in Table XVII. 

Table XVII.  Enthalpy changes in the regeneration reactor with reactions (1) and (2) for 90 °C 
reactor temperature calculated with HSC and obtained from Aspen simulation. 

  Ca(OH)2 
HSC 

Ca(OH)2 
Aspen CaO HSC CaO Aspen 

dH, kW -359 274 -1711 -7247 
dH, kW/t solution -3.0 2.3 -14.3 -60.6 
dT solution, °C 2.6 -2.0 12.3 52.1 

 

The differences in the enthalpies obtained from the two programs are mostly 

caused by some errors in settings and calculations in Aspen. Aspen introduced 

lime into the reactor as a liquid, although it was specified as a solid. The largest 

error was probably caused by the density calculations of Aspen. The solution 

densities in the reactor input and output were 445 kg/m3 and 492 kg/m3 

respectively. In reality, the density is about 1330 kg/m3 (HSC Sim, 2013). If the 

enthalpies  for  the  reactions  are  calculated  with  HSC with  similar  flow rates  and  

temperatures than in the Aspen simulation, the results are also the same. This 

means that the enthalpy results calculated with HSC are more reliable and should 

be used when the cooling requirement of the reactor is calculated. All of the 

calculations were done for a reactor temperature of 90 °C. In reality, the reactor 

temperature  will  probably  be  lower  so  the  cooling  requirement  has  to  be  

determined according to the feed stream temperatures, reactor temperature, and 

the amount of reactive species in the solution. 

In  simulation,  the  solution  was  condensed  before  it  was  fed  to  the  column  as  at  

this temperature, the ammonia is not entirely soluble in the amount of water 
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available. This means that there would be a gas phase entering the column, which 

would not correspond with the real case where the liquid feed to the column 

would be entirely in liquid form. The condensation of the solution was done with 

a cooler unit, which was controlled to give zero vapor fraction in the outlet. The 

temperature at which the feed stream was entirely in liquid form was 59.5 °C in 

atmospheric pressure.  If the pressure was kept at 120 kPa, which was the pressure 

in the reactor, the temperature of total condensation was 64.8 °C. 

The desired ammonia separation, practically all the ammonia in the vapor phase, 

was achieved with 7-10 plates with both air and steam. An example of ammonia 

removal from liquid in column is presented in Figure 23 and all removal profiles 

in Appendix II. The number of plates was significantly lower than the preliminary 

value of 22 in Chapter 4.2.1. The temperature profile in the column was between 

64 and 70 °C with air, and between 97 and 102 °C with steam. An example of a 

temperature profile with air stripping is presented in Figure 24 and all the 

temperature profiles in Appendix II.  

 

 
Figure 23.  Ammonia content in the liquid phase with air stripping. The first stage is the top 

stage and the last stage is the bottom stage. 
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Figure 24.  Temperature profile of stripping column with air stripping. The first stage is the 

top stage and the last stage is the bottom stage. 

 

In order to achieve suitable gas flow velocities in the column, column diameters 

were 3.5 m for air and 2.5 m for steam. The plate spacing was 0.53 m for air and 

0.75 m for steam. With these plate spacings the column height is approximately 

4 m for air and 5.5 m for steam when bottom spacing is added to the column. 

These values are only examples of a column that can be used. The column 

diameter and plate spacing are dependent on each other. Decreasing the column 

diameter increases the gas velocity, which causes more liquid carry-up from the 

plate and thus the spacing has to be increased. Hence, the column diameter and 

plate spacing can be varied together to a certain limit to restrict the column 

diameter or the column height. The column diameter for air would be smaller in a 

real case if steam were not used for heating the column. The dimensions would be 

near those for steam as the gas flow rates are quite similar. The suggested column 

dimensions and gas flow rates are presented in Table XVIII. 
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Table XVIII.   Gas flow rates and column dimensions obtained from Aspen simulation. 
  Air Steam 
Gas flow rate, L/s 12,000 air + 5200 steam 13,000 
V/L, L gas / L solution 265 180 
Column diameter, m 3.5 2.5 
Plates, - 7-10 7 
Plate spacing, m 0.53 0.75 
Column height, m 4-6.5 5.5 
Ammonia content in NH3 water, % 19-21 10-12 

 

When the contact area calculated with equation (7), 32.02 m2, is divided equally 

between 7-10 plates, the contact area on each plate is between 4.5–3.2 m2.  With 

the column diameters obtained from simulation, the column plate can be estimated 

similarly to Chapter 4.2.2. The contact area can be divided between all holes 

giving a contact area of approximately 24-86 mm2 for each hole. The area of a 

single hole is 19.63 mm2. The corresponding column and contact area 

configurations are presented in Table XIX. 

Table XIX.  Column plate design and contact areas based on Aspen simulation results. 
  Air Steam 
D, m 3.5 2.5 
A, m2 9.6211 4.9087 
Ad, m2 1.1545 0.5890 
Aa, m2 7.3121 3.7306 
Ah, m2 0.7312 0.3731 
dh, m 0.005 0.005 
A1h, m2 1.963E-05 1.963E-05 
N(holes) 37,240 19,000 
Plates 10 7 
Acontact/plate, m2 3.2020 4.5743 
Acontact/hole, m2 8.598E-05 2.408E-04 

 

The solubility of ammonia in water changes as a function of temperature. The 

temperature of the ammonia water after the condenser had to be such that all the 

ammonia is soluble in the amount of water available. Thus, the temperature varies 

as  the  ammonia  content  varies.  The  solubility  of  ammonia  as  a  function  of  
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temperature can be seen in Figure 12. The cooling temperature could be 

determined only for steam stripping where no air was present. With 11.7 mass % 

of ammonia in the vapor, the temperature had to be less than 71 °C. The inlet 

vapor temperature was 98 °C, meaning that the temperature had to be decreased 

by 25 °C. In reality, the ammonia water has to be cooled more to decrease the 

ammonia  vaporization  in  the  storage  tank.  With  higher  ammonia  content,  the  

temperature has to be lower.  

7.2 Testwork results 

The goal of the testwork was to study the ammonia regeneration in practice and to 

prove its applicability for the process concerned. The test equipment consisted of 

a regeneration reactor, stripping column, condensation and gas purification units. 

The operation was studied by altering the process parameters to find the most 

suitable conditions for regeneration, separation, and recovery of ammonia. The 

goal was to obtain complete ammonia recovery from the solution and to achieve 

pure 10-20 mass % ammonia water. 

7.2.1 Determination of column operational area 

The column operation area was studied with water tests with liquid flow rates of 

5 L/h, 10 L/h, 15 L/h, and 38 L/h. The theoretical operational limits were 4.6 m3/h, 

and 7.25 m3/h. The weeping point can be seen as a sharp decrease in the pressure 

drop. The actual weeping and flooding points varied with different liquid flow 

rates. With 5 L/h, 10 L/h, and 15 L/h the weeping points were approximately 

5.7 m3/h, 4.6 m3/h, and 4.3 m3/h respectively.  With 38 L/h,  it  was not possible to 

determine the weeping point from the data. The flooding point was more difficult 

to determine as the change in pressure drop was not so sharp. The flooding point 

was approximately at 6.5 m3/h with a 10 L/h liquid flow. With a smaller liquid 

flow, the flooding point was slightly higher and with a larger liquid flow it was 

slightly lower. Compared to the theoretical values, the weeping point was quite 

similar but the flooding point was much lower. The different structure of the plate 

and the small diameter of the column affected the operation more when the air 

flow rate increased. The pressure drop of the column with different flow rates is 

shown in Figure 25. 
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Figure 25.  Pressure drop of the 16-plate column with different liquid and gas flows. The 

weeping point can be seen from a sharp decrease in the pressure drop and the 
flooding point from an increase in the pressure drop. The weeping point was 
between 4.3 and 5.7 m3/h and the flooding point between 6.5 and 7.5 m3/h with 
liquid flow rates of 5-15 L/h. 

 

 The  column was  heated  with  a  1.5  kW external  heating  resistor  and  a  2  kW hot  

plate under the column. The column temperatures were studied independently 

with water runs before the regeneration tests to find out possible temperatures in 

the column. When heating was done only with the heating resistor the maximum 

resistor temperature was about 125 °C giving the column top temperature of 70 °C 

and bottom temperature of 40 °C with liquid flow rate of 10 L/h and air flow rate 

of 5.75 m3/h.  The  adjustment  of  the  resistor  temperature  did  not  raise  the  

temperatures above these values. 

The hot plate was used to increase the heating capacity on the column. When the 

heating resistor was set to maximum and the hot plate was adjusted by setting the 

column bottom temperature to 80 °C, the column top temperature was still about 

70 °C but the bottom temperature rose to 60 °C with the same flow rates. The top 

and bottom temperatures were much closer to each other than they were without 

the  hot  plate.   As  the  hot  plate  had  an  internal  relay  that  did  not  allow the  plate  

temperature to rise too high, it was not possible to utilize the heating as desired. 

This could be seen as a high divergence between column temperatures. However, 

with bottom heating, the temperatures in the column could be increased especially 
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at the bottom.  On the basis of these results, both heating devices were used in the 

ammonia regeneration tests. 

7.2.2 Testwork results of ammonia regeneration reactor 

The reaction between ammonium chloride and calcium hydroxide (1) was done in 

5,  7.5,  or  10  L  batches  in  a  baffled  stirred  reactor.  The  initial  reaction  time was  

10 minutes and the reactor was not heated. With these conditions the reaction was 

not complete as some lime did not dissolve in the reactor and a significant amount 

of ammonium was left unreacted.  

With 10 minutes unheated mixing, there was usually approximately 10 g/L 

ammonium left in the solution at the column exit corresponding to an 

approximately 60-70 % conversion of ammonium. Some higher values were 

obtained when a large excess of lime was fed into the reactor. When the mixing 

time was increased to 30 minutes the conversion of ammonium increased to 75 %.  

With a 30-minute mixing time and elevated reactor temperature between 32 °C 

and  67  °C,  the  conversion  was  increased  to  over  80  %.   At  high  reactor  

temperatures between 55 °C and 65 °C and a reaction time of 120 minutes, the 

ammonium conversion increased to over 95 %. Especially higher temperatures of 

over 60 °C were found to increase the conversion significantly and over 95 % 

conversions were obtained on a regular basis. When the reaction temperature was 

sufficiently high, over 60 °C, a reaction time of 30 minutes was sufficient to give 

ammonium conversions over 95 %. The ammonium conversions in different 

conditions are shown in Figure 26.  
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Figure 26.  Ammonium conversions in the laboratory tests. 

 

There were always some undissolved solids left in the reactor but the amount 

decreased when the reaction time and temperature were increased. Over 80 % of 

the solids was calcium hydroxide. In the first eight tests the amount of solids after 

filtration and drying was approximately 200 g but in these tests lime was fed in 

excess. With a 30-minute mixing time and a stoichiometric amount of lime, the 

amount of solids was decreased to 90 g and with additional reactor heating to 55 g. 

In the best case with 30 minutes of mixing and a reactor temperature of 55 °C, the 

amount of undissolved solids was 16 g. As the batch size and the initial 

ammonium concentration varied between tests the amounts of solids cannot be 

compared directly. The amount of solids was studied in tests 15-31 and the 

temperature dependency of the solids left in the reactor can be seen in Figure 27.  

The amount of solids was in the best cases less than 10 % of the fed Ca(OH)2, the 

average being 12.75 %. The stoichiometric amount of lime was not the same in all 

cases which also affected the dissolving percentage. The pH of the solution was 

9.5 but the suggested pH was over 11. At higher pH, fixed ammonia converts to 

free ammonia more effectively (Schroeder and Naso, 1975).  
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Figure 27.  Mass of solids left in the regeneration reactor after mixing in tests 15-31. 

 

Reaction (1) was found to require sufficient reaction time and enough heating to 

achieve  the  full  conversion  of  ammonium.  A reaction  temperature  of  over  60  °C 

was found to give over 95 % conversion of ammonia and to reduce the amount of 

undissolved solids. In practice, heating might be needed as the solution is at a 

temperature of 40 °C when it enters the reactor. Under these conditions, a reaction 

time of 30 minutes was sufficient in the laboratory experiments. Calcium 

hydroxide should be introduced under stoichiometric amount compared to 

ammonium chloride in order to have all of the solids dissolved. Some of the 

impurities in the initial solution probably precipitate but the majority, 

approximately 80 %, of the solids in the reactor was calcium hydroxide. 

7.2.3 Testwork results of stripping column 

The main goal in the stripping column optimization was that the ammonia 

separation from the solution would be as high as possible meaning that the 

ammonia concentration in the solution after stripping had to be as low as possible. 

Secondary goals were that the ammonia concentration in the ammonia water 

would be high enough, preferably over 200 g/L and the ammonia water product 

would be sufficiently pure. The ammonia water concentration would be achieved 

by evaporating a large amount of ammonia compared to the amount of evaporated 
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water. The variables were the gas and liquid flow rates, heating power, and mode. 

The column configuration, including the amount of plates, was the same during all 

tests. 

In the first test series, comprising tests 1-8, the liquid flow rate was 10 L/h and the 

gas flow rate was altered between 4.3 and 6.9 m3/h. The column top temperature 

was 62-66 °C and the column bottom temperature 68-80 °C. The ammonia 

separation in these tests was 94-98.5 % and the ammonia concentration in the end 

solution was between 0.4 and 1 g/L, so the separation was very successful as seen 

in Figure 28. However, the ammonia recovery was quite low; the ammonia water 

concentration was between 9-18 g/L as shown in Figure 29. Most of the ammonia, 

73-91%, was carried on to neutralization as discussed in Chapter 0. When this 

neutralized ammonia was calculated into the ammonia water, the concentration 

was between 80–145 g/L. The chloride concentration in the ammonia water was 

determined in the first test to be 614 mg/L, corresponding to 0.02 % of the total 

amount  of  chlorides  in  the  feed.  In  the  laboratory  tests,  no  demisters  were  used  

which increased the chloride concentration in the ammonia water. Thus, the 

ammonia water purity was easily achieved and was not studied in the subsequent 

tests.  

 
Figure 28.  Ammonia concentrations in the end solution after the column in the first test 

series. Liquid flow rate was 10 L/h, column top temperature 62-66 °C, column 
bottom temperature 68-80 °C, initial ammonia concentration between 9 and 
21 g/L. 
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Figure 29.  Ammonia concentrations in ammonia water in the first test series. Liquid flow 

rate was 10 L/h, column top temperature 62-66 °C, column bottom temperature 
68-80 °C, initial ammonia concentration between 9 and 21 g/L. 

 

In the second series, comprising tests 9-16, different column heating types were 

studied to see what kind of heating method would be best for the ammonia 

separation and concentration. Low heating powers were tested in order to decrease 

the amount of vaporizing water. The column top temperature was between 19 and 

66 °C, and the bottom temperature between 16 and 73 °C. A liquid flow rate of 

10 L/h and gas flow rates of 5.4 and 6 m3/h  were  used.  The  ammonia  

concentration in the solution was usually between 0.8 and 3.6 g/L as shown in 

Figure 30. With very low column temperatures, the concentration was 6.7–

11.1 g/L. The ammonia water concentrations in the ammonia water were similar 

to the first series, between 12-15 g/L, as seen in Figure 31. The ammonia 

concentration in the ammonia water was increased to 47–382 g/L when the 

neutralized ammonia was taken into account. In the tests with very low 

temperatures, the ammonia concentration in the gas was very low as well. It was 

clear that the column needed heating in order to separate ammonia from the 

solution. The best results were obtained with high heating powers and when the 

column top temperatures were lower than the bottom temperatures.  
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Figure 30.  Ammonia concentrations in the end solution after the column in the second test 

series. Liquid flow rate was 10 L/h, gas flow rate 5.4 or 6 m3/h, initial ammonia 
concentration between 12 and 22 g/L. 

 

 
Figure 31.  Ammonia concentrations in ammonia water in the second test series. Liquid 

flow rate was 10 L/h, gas flow rate 5.4 or 6 m3/h, initial ammonia concentration 
between 12 and 22 g/L. 

 

In the third series, comprising tests 17-25, higher column temperatures were used 

with different liquid and gas flow rates. The column top temperature varied 

between 45 and 70 °C and the bottom temperature between 58 and 69 °C. In most 

of the tests the liquid flow rate was 10 L/h but 5 L/h and 15 L/h flow rates were 

also tried in order to alter the V/L ratio. The ammonia content in the end solution 
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was still low, under 1.6 g/L in all tests. The higher the temperature, the lower the 

ammonia content in the solution, as shown in Figure 32. The ammonia water 

concentration was between 12-21.5 g/L as seen in Figure 33 so a slight increase 

was obtained. The relation between the ammonia content in water and the column 

top temperature was not as clear as in the second series. The ammonia 

concentration  in  ammonia  water  was  not  increased  and  was  between  44  and  

103 g/L when the neutralized ammonia was taken into account.  

 

 
Figure 32.  Ammonia concentrations in the end solution after the column in the third test 

series. Liquid flow rate was 5-15 L/h, gas flow rate 4.5-6.45 m3/h, initial 
ammonia concentration between 21 and 27 g/L. 
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Figure 33.  Ammonia concentrations in ammonia water in the third test series. Liquid flow 

rate was 5-15 L/h, gas flow rate 4.5-6.45 m3/h, initial ammonia concentration 
between 21and 27 g/L. 

 
 

In the fourth series, comprising tests 26-31, the liquid flow rate was raised to 19 

and 38 L/h and gas flow rates between 3 and 6 m3/h were used. This was done to 

obtain lower V/L ratios which would decrease the water vaporization and increase 

the ammonia concentration in the ammonia water. High column temperatures 

were used to vaporize and separate ammonia in order to keep the ammonia 

concentration in the solution low. The column top temperature was between 63 

and 76 °C and the bottom temperature between 69 and 81 °C.  The ammonia 

concentration in the end solution was between 2 and 3.3 g/L with a liquid flow of 

19 L/h and between 8.8 and 12 g/L with a liquid flow of 38 L/h, as shown in 

Figure 34. The 38 L/h liquid flow rate was too great for the desired column 

operation and the desired ammonia stripping was not achieved. As the V/L ratio 

was quite low the column probably wept in these tests and the desired column 

operation was not achieved. The ammonia water concentration was between 13 

and 63 g/L and the best values were obtained with V/L ratios of 130-265, as 

shown in Figure 35.  The ammonia content in ammonia water was 140-560 g/L 

when the neutralized ammonia was calculated in the ammonia water. Hence, the 

best results concerning ammonia water concentration were obtained in the fourth 

series.  
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Figure 34. Ammonia concentrations in the end solution after the column in the fourth test 

series. Liquid flow rate was 19-38 L/h, gas flow rate 3-6 m3/h, initial ammonia 
concentration between 21 and 26 g/L. 

 

 

 
Figure 35.  Ammonia concentrations in ammonia water in the fourth test series. Liquid flow 

rate was 19-38 L/h, gas flow rate 3-6 m3/h, initial ammonia concentration 
between 21and 26 g/L. 

 

In test 31, the pH of the end solution was determined to be 8.57. The feed solution 

pH was 9.5 so the pH dropped by 0.93. The pH was quite low as a feed solution 

pH of 10.5-11.5 was suggested (Gustin and Marinsek-Logar, 2011). 
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7.2.4 Testwork results of condensing ammonia water 

Ammonia water condensing was done with two serial condenser units. The gas 

temperature was decreased to approximately 18 °C using these units. Hence the 

cooling was quite sufficient. However, the vapor pressure of ammonia at these 

temperatures is still relatively high, as seen in Figure 36. At 80 °C, the ammonia 

vapor pressure is 80,000 Pa, corresponding to a mass fraction of 0.78 in the vapor, 

and at 10 °C, the vapor pressure is 14,000 Pa corresponding to a mass fraction of 

0.14 in the vapor. In theory, a maximum of 82 % of ammonia could be condensed 

with this kind of cooling. In addition, the air feed was continued for 3-5 minutes 

after the liquid feed was ended to evaporate all liquid from the column. This 

meant that ammonia was re-evaporated from the condensed solution to reach its 

equilibrium vapor pressure in air.  

This caused ammonia to be carried forward with the air to the acid bottles, where 

it was neutralized. The amount of neutralized ammonia was 77-96 % of the total 

ammonia in the vapor flow. This caused difficulties in determining the ammonia 

water concentration as most of the ammonia did not stay in the solution. The 

amount of neutralized ammonia was determined by acid titration from samples of 

the acid solutions after each test. The solution volumes in the both neutralization 

bottles were approximately 3 L but as the exact volumes were not known, the 

determination was inaccurate. In addition, some water was carried forward with 

the air and this amount could not be determined. Hence, the ammonia separation 

results were more reliable when calculated from the mass balances based on the 

ammonium and ammonia analyses of the initial and final solutions. 
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Figure 36.  Ammonia vapor pressure with 20 mass % ammonia-water solution at the 

temperatures present after the stripping column. (Perry, 1997) 

 

8 CONCLUSIONS 

The main goal of this thesis was to study the applicability of the ammonia 

regeneration process in a chloride-based nickel recovery process. The phenomena 

of ammonia regeneration and separation as well as the process equipment and 

conditions were the major subjects of the study. Based on the results obtained 

from the literature survey, Aspen process simulation, and testwork, suggestions 

for process equipment to be used in the process and possible further testing are 

presented in this chapter. Also, a discussion of the major observations from the 

simulation and testwork concerning the process is provided here in order to 

prevent problems in the future. 

As every process is different by nature, a detailed study concerning the process 

should be made before utilizing it in any case. The most important variables are 

process flow rates, ammonia and ammonium contents, desired product 

composition, and local conditions and possible restrictions. The process solution 

presented here is only an option, which can be used as a preliminary basis for 

process design. In some cases, alternative options are presented and in these cases 

the selection has to be made case by case.  
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8.1 Conclusions on ammonia regeneration reactor 

The type of lime mostly affects the energy balances and the effect on the material 

balance  is  very  small.  As  the  reacting  NH4Cl is present in relatively low 

concentrations, the reaction enthalpy does not affect the solution temperature as 

much as anticipated.  Reaction (1) between NH4Cl and Ca(OH)2 increases the 

solution temperature by approximately 3 °C and reaction (2) between NH4Cl and 

CaO increases it by approximately 12 °C. As explained in Chapter 5.1, the slaking 

reaction is very fast, meaning that NH4Cl reacts practically entirely with Ca(OH)2. 

As observed in the testwork results, the reaction is much faster at higher 

temperatures meaning that the heat that is released from the reaction should not be 

removed. The reactor temperature has to be high enough, preferably over 60 °C, 

to achieve a complete dissolution of calcium hydroxide. 

A suitable reaction temperature was found to be at least 60 °C and a suitable 

reaction time 30 minutes. In a large-scale process, a shorter reaction time could be 

sufficient especially if high reaction temperatures are used. With a 30-minute 

residence time and solution flow rate of 93 m3/h, the reactor size would be 

approximately 50 m3. 

The pH of the solution should be between 10.5 and 11.5 when it enters the 

stripping column (Schroeder and Naso, 1975). In the testwork the pH was only 9.5. 

In higher pH, fixed ammonia would convert into free ammonia more effectively 

so the pH should be approximately 11. In order to achieve this, lime dissolution 

should be better which would lead to a rise in pH and the complete conversion of 

ammonium. As the suggested pH values are for different solutions with a larger 

variety of fixed ammonium compounds,  the effect  of the pH on the reaction rate 

and kinetics should be tested. 

Ca(OH)2 is  safer  to  use  and  handle  but  the  amount  of  water  in  the  process  

increases when Ca(OH)2 reacts with NH4Cl as seen in reaction (1). This amount is 

less  than  2  %  of  the  total  water  flow  at  this  stage  of  the  process.  Both  types  of  

lime can be used and the decision has to be made based on safety issues and 

economic issues concerning water evaporation. The costs of these types of lime 

are very similar (ICIS, 2013).  
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The addition of lime would be the most effective if it was added as powder 

directly to the regeneration reactor. In this case, a powder feed system should be 

installed.  This  option  would  not  increase  the  amount  of  water  in  the  process,  

which is important economically. Another option would be to pulp the lime into 

the solution that is circulated from the stripping column outlet. This method 

would  not  increase  the  amount  of  water  in  the  process  either  but  the  flow  rates  

would increase. This would lead to larger equipment and an increase in the gas 

flow to the column. Also, a pulping reactor should be installed. The worst lime 

feeding option would be to feed lime as slurry pulped into fresh water as this 

would increase the amount of water in the process. This extra water would later 

have to be evaporated which would increase the process costs significantly. 

As the reaction kinetics seems to be very temperature dependent, the 

determination should be done by testing. The reaction kinetics affects the 

residence time and hence the reactor size. The main factor affecting the reactor 

temperature is the temperature of the feed solution. Any heating or cooling would 

increase the operating expenses so the reactor energy balances and sizing have to 

be determined carefully in order to achieve good conversions at a reasonable cost. 

The best values for the most important operating variables for the regeneration 

reactor are presented in Table XX. 

Table XX.  Best values for regeneration reactor operation. 
Variable Best value 
Temperature, °C 60-80 
Lower would decrease conversion and lime dissolving. 
Time, min 30 
Less would decrease conversion, more would increase reactor size. 
pH 11 
Lower will decrease conversion of ammonium, has to be studied. 
Lime Ca(OH)2/CaO 
Ca(OH)2 safer, CaO heats the solution and reduces water input. 
Lime feed Directly as powder 
Pulping increases water in the process and equipment sizes, pulping into recycled 
solution only sizes. 
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8.2 Conclusions on stripping column 

The main focus of the study was on the stripping column as its behavior was the 

most difficult to predict on the basis of the literature survey. There are several 

factors that affect ammonia separation and recovery in the column. As separation 

takes place on the gas-liquid surface in the froth on the plates, the main purpose of 

the column design is to achieve sufficient contact area in the column. The required 

contact area for a flow rate of 93 m3/h  solution  with  an  ammonia  content  of  

3 mass % was determined to be approximately 32 m2.  The number of ideal steps 

for ammonia separation was determined to be 6-8 for steam stripping and 11 for 

air stripping. With simulation the required number of actual plates was determined 

to  be  7  for  steam and  10  for  air  stripping.  Hence,  the  required  contact  area  on  a  

single plate is 4.57 m2 for steam stripping and 3.20 m2 for air stripping. In 

laboratory testing with 16 plates, over 95 % stripping of ammonia was achieved.  

The contact areas of the laboratory column plates were relatively smaller and the 

weirs were lower than in real columns, and the efficiency was therefore restricted. 

The weirs were made from sealing tape and the weir height was only 

approximately 2 mm. If higher weirs had been installed on the plates, the mass 

transfer  could  have  been  improved  significantly  as  the  froth  layer  on  the  plates  

would have been higher and hence the contact area larger. This would also have 

increased  the  residence  time  of  the  solution  in  the  column,  as  the  weirs  would  

have restricted the flow. The ammonia separation should be tested with plates 

where the weir is approximately 10 mm high in order to achieve a good mass 

transfer area and better recovery of ammonia. 

In simulation the optimal V/L ratio was 264 with an air-steam mixture as stripping 

gas and 197 with steam as stripping gas. In the laboratory tests the highest 

ammonia concentrations in the ammonia water product were also achieved with 

low V/L ratios. The best ammonia concentrations of over 200 g/L were achieved 

with  V/L  ratios  of  between  79  and  600.  With  very  low  ratios,  the  ammonia  

separation was not satisfactory, at only 50-65 %. This was also due to the high 

liquid  flow rates  used  in  these  tests.  The  column was  designed  for  a  liquid  flow 

rate  of  10  L/h  but  in  these  tests  19-38  L/h  were  used  and  the  contact  area  in  the  
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column was probably not large enough. The small gas flow rates probably also 

caused weeping, which impaired the column operation. With V/L ratios of under 

150 and high liquid flow rates of 19 L/h or more, the column did not operate as 

desired.  

The highest ammonia water concentrations in the experiments were achieved with 

low air flow rates and high column temperatures of over 70 °C. These results were 

very similar to those achieved with Aspen simulation. Hence, the column should 

be operated in temperatures between 70-80 °C with a V/L ratio of 200 or lower. 

With low air flow rates, the amount of evaporated water can be kept low to 

achieve high ammonia concentration in the product. With this kind of column 

operation, the computational ammonia content in ammonia water was between 

150-550 g/L when the neutralized ammonia was calculated in the ammonia water 

concentration.  

The required purity of ammonia water was easily achieved in the laboratory tests 

as the other substances in the solution reported almost completely in the liquid 

outlet. Approximately 99.8 % of the chlorides exited the column in the liquid 

phase. The chloride content of the ammonia water was approximately 600 mg/L, 

which is acceptable, as chlorides do not impart any disadvantages in the units 

where the ammonia water is used. In the simulation, the purity was achieved even 

better and there were practically no chlorides in the ammonia water. Most of the 

chloride probably transferred to the ammonia water in small liquid droplets in the 

gas flow. In the laboratory setup there was no demister that would have removed 

the chlorides from the ammonia water. Thus, the column operation should be 

optimized in order to achieve a good ammonia concentration in the product as the 

product  purity  is  not  so  crucial  in  this  case  since  there  are  no  drawbacks  of  

chlorides in the ammonia water usage. 

According to the laboratory testing, a full-scale column could be operated 

approximately with the conditions and flow rates that were obtained from the 

simulation. The V/L ratio in air stripping should be approximately 200-300. 

Steam stripping was not tested in the laboratory but as the results obtained from 

the simulation and the laboratory tests were relatively similar for air stripping, the 
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flow rates from steam stripping simulation can be treated as reliable results as well. 

Thus the V/L ratio in steam stripping should be approximately 150-200 with 

column temperature of approximately 100 °C.  

The drawback of steam stripping is that it introduces water into the process. This 

means that the same amount of water has to be evaporated to maintain the water 

balance in the process. The best values for the most important operating variables 

for the stripping column are presented in Table XXI. 

Table XXI.  Best values for stripping column operation. 
Variable Best value, air Best value, steam 
Plates 10 7 
Contact area not sufficient with fewer plates; more plates would not improve 
recovery. 
V/L 200-300 150-200 
Lower would decrease ammonia recovery, higher would evaporate more water. 
T, °C 70-80 100 
Lower would decrease ammonia recovery, higher would evaporate more water. 
Bottom temperature 5 °C higher than top temperature. 

 

8.3 Conclusions on condensation unit 

In air stripping, ammonia cannot be recovered by cooling the solution to ambient 

temperatures as the vapor pressure of ammonia is still relatively high at these 

temperatures. This means that a large part of the ammonia would exit the process 

with air to air purification where ammonia would be neutralized. In the laboratory 

tests, where the temperature of cooled air was 18 °C, 80-96 % of ammonia was 

neutralized. Cooling to sub-zero temperatures would be required so that the 

ammonia vapor pressure could be decreased to near zero. The boiling point of 

ammonia is -33 °C and at this point all of the ammonia would be in liquid form. 

However, in this case the water would be frozen so this method is challenging for 

condensation. Another option would be to liquefy the ammonia water solution by 

pressurizing.  

With steam stripping, condensing by cooling would be more effective as there 

would be no air in the vapor flow. The entire vapor flow would consist of water 

and ammonia and could be condensed by cooling the vapor flow to a temperature 
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at which the solubility of ammonia in water is sufficiently high. For a 20 mass % 

solution, the required temperature would be approximately 45 °C as shown in 

Figure 12. With complete condensation the gas phase would be removed and the 

ammonia would be entirely in liquid form. In this case no liquefying equipment 

would be required. 

In either case the cooling energy requirement has to be determined based on the 

vapor temperature and flow rates to achieve complete condensation of ammonia 

water. With air stripping, condensation would be more complicated as liquefying 

equipment would be required. From the condensation point of view, steam 

stripping would be more favorable as condensation would be easier and could be 

done with less equipment. 

8.4 Design of improved ammonia regeneration laboratory testing 

In order to test the process with appropriate V/L ratios, the column should be 

operated with a 20 L/h liquid flow and smaller air flow rates of 1-2 m3/h. The 

dimensioning calculations can be done similarly to those in Chapter 6.2.1. The 

existing laboratory column with a diameter of 83 mm could be used, as with the 

20 L/h liquid flow rate the design gas flow rate would be 1.5 m3/h and the V/L 

ratio would be 75. This low gas flow would probably cause weeping with the 

current plates so the number of holes in the plates should probably be restricted. 

The plate spacing should be increased to approximately 100 mm to provide more 

space for the froth. The weir should be higher than in the tests in this thesis, 

preferably 5-10 mm in order to increase the contact area. This would also require 

higher plate spacing. The weir should be constructed better and it should be sealed 

in  order  to  maintain  a  froth  layer  on  the  plate.  The  number  of  plates  should  be  

restricted to 8 in order to keep the column height the same. The other ratios of the 

measures of the plates should be kept the same. The column temperature should 

be approximately 70 °C at the column bottom and slightly lower at the top. 

A suitable batch size would be 10 L so that 30-minute tests could be done. The 

lime feed rate should be calculated so that 1 g/L ammonium would be left in the 

solution. In this way the amount of solids in the reactor could be reduced together 

with a reaction temperature of 60 °C or higher and a 30-minute mixing time. In 
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the testwork carried out for this thesis, the lime purity was only 90 %, so a purer 

quality of lime should be tested in order to improve the dissolution and prevent 

solids in the reactor.   

The condensation of the vapor should be improved, as the water flow rate and 

temperature used in the testwork were not sufficient to cool the vapor enough to 

condense  all  of  the  ammonia.  The  temperature  at  which  the  vapor  should  be  

cooled would be approximately -33 °C in order to decrease the ammonia vapor 

pressure to 0. To achieve this, some other cooling method than water cooling 

should  be  applied.  With  steam  stripping,  the  condensation  of  ammonia  water  

should be easy as the ammonia would be entirely soluble at approximately 45 °C 

to obtain 20 mass % ammonia water. 

If steam is available, it could be used as a stripping gas to raise the column 

temperature, which would decrease the solubility of ammonia in water and 

increase the vapor pressure of ammonia. This would also ease condensation and 

prevent ammonia carry-over to neutralization as the entire vapor stream could be 

condensed. With high temperature steam of approximately 150 °C, the column 

heating requirement with electric heaters would also decrease. However, steam 

stripping would be problematic in the real process as it would increase the amount 

of water in the process. The most important design values and operating variables 

for the laboratory column to be used in further testwork are presented in Table 

XXII. 

Table XXII.  The most important values for laboratory column design and operating variables. 
Variable Best value Comments 
L, L/h 20 To obtain lower V/L 
V, m3/h 1-2 Lower values for steam 
Diameter, m 0.83 Available column 
Plate spacing, mm 100 To provide contact area 
Weir height, mm 10 Liquid layer on the plates 
Holes/plate 8-12 5 mm holes 
Plates 8 1 m column available 
Bottom T (air), °C  70-75 Higher than top 
Top T(air), °C  65-70  
Bottom T (steam), °C 105 Higher than top 
Top T (steam), °C 100  
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With the improvements presented above, the laboratory tests could be carried out 

better in order to demonstrate the ammonia regeneration process. Ammonia 

recovery could be improved and the desired ammonia water composition of 

200 g/L could be achieved more effectively. 

8.5 Design of full-scale ammonia regeneration process 

On  the  basis  of  the  results  of  this  thesis,  a  preliminary  process  design  for  the  

ammonia regeneration process can be made. The process designs presented here 

are intended for preliminary use only and a detailed design has to be made case by 

case during the process design of the nickel recovery process in which the 

ammonia regeneration is to be utilized. The process design is provided for both 

Ca(OH)2 and CaO reactions and both air and steam stripping. 

The design flow rate of the feed solution into the ammonia regeneration process is 

93 m3/h with an ammonia content of approximately 3 mass %. All equipment is 

sized to match this flow rate and the other streams into the process. The reactor 

should be operated at a minimum temperature of 60 °C in order to achieve high 

ammonium conversion and to prevent sedimentation of calcium hydroxide and 

other substances. The required residence time was not determined during the 

testwork but on a large scale with high reaction temperatures 30 minutes should 

be sufficient. In the testwork, over 99 % conversions of ammonium were achieved 

with 30-minute residence times and temperatures of 50-70 °C. With a residence 

time of 30 minutes the reactor size would be 50 m3. These can be used as 

preliminary values for design before more accurate information is available. 

The required amount of lime depends on the type of lime that will be used. The 

required Ca(OH)2 feed rate is 5.30 t/h and the CaO feed rate is 4.06 t/h. The 

advantages of Ca(OH)2 are that it is safer to use and handle. The disadvantages are 

that the required amount is higher than that of CaO and reaction (1) produces 

water, which increases the water evaporation costs. The advantages of CaO are 

that less is required and reaction (2) does not form water. The disadvantages are 

safety  issues.  In  both  cases  the  reactor  should  be  heated  but  in  the  case  of  CaO  

feed the heating requirement is smaller. Both types of lime can be used in the 
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process and the selection should be made according to the above-mentioned 

criteria.  

In the testwork, lime dissolution could not be entirely achieved even though 

ammonium conversions over 99 % were achieved. Thus, solids separation has to 

be done before the solution enters the column. As the amount of solids is not very 

large, filtration would be a suitable option. The type and size of the filter have to 

be determined according to the formation rate and filterability of the solids. 

The stripping column should provide approximately 32 m2 of contact area for the 

mass  transfer  on  the  plates.  In  a  plate  column  the  contact  area  in  the  column  is  

determined by the number of plates, column diameter, plate spacing, and weir 

height. With air stripping, the number of plates would be 10, meaning that the 

contact area on a single plate would be 3.20 m2. With steam stripping, the number 

of plates would be 7, giving a contact area of 4.57 m2 for  a  single  plate.  With  a  

column diameter of 3 m the active area of each plate would be 5.37 m2 giving 0.6-

0.85 m2 contact area / m2 active area. For plate spacing 0.5 m can be used as an 

initial value. Thus the column would be 4.5 m high with 7 plates and 6 m high 

with 10 plates. The column diameter and plate spacing can be varied within 

certain limits to restrict the column width or height. If the column diameter is 

decreased, the froth height on each plate increases due to the smaller cross-

sectional area of the column as the volume of the froth remains the same. In this 

case the plate spacing has to be increased. The total contact area should be kept 

the same whatever the case may be. The weir should be sufficiently high to 

provide a liquid layer on the plate. The initial value for weir height could be 40 

mm. (Coulson & Richardson, 1993). A suggestion for column sizing is presented 

in Table XXIII. This is again a preliminary sizing suggestion and the exact sizing 

should be done case by case. However, these values can be used as good estimates 

for both air and steam stripping with a solution flow rate of 93 m3/h. The column 

plate configuration should be done as presented in Chapter 4.2.2. 
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Table XXIII.  Column sizing for full-scale plant for treating 93 m3/h of solution. 
Column measure Value 
Column diameter D, m 3 
Tray area Ac, m2 7.07 
Active area Aa, m2 5.37 
Downcomer area Ad, m2 1.70 
Hole area Ah, m2 0.54 
Hole area, single, m2 1.96E-05 
Holes 27,360 
Hole pitch, m 0.01 
Weir height hw, m 0.04 
Plate spacing lt, m 0.5 
Total height H (7 plates), m 4.5 
Total height H (10 plates), m 6 

 

In a packed bed column, the contact area is determined by the surface area of the 

packing material. The selection of the type and material should be made together 

with the manufacturer of the packing. The packing could be random or structured. 

Structured packing is usually more effective but is also more expensive than 

random packing. As ammonia separation has been found to be quite effective and 

the column height relatively low, random packing would be a better choice. The 

sizing of the column and the amount of packing has to be chosen according to the 

properties of the selected packing type. The corrosion and temperature resistances 

are also important factors when selecting the packing material. 

If the target is to operate the column in overpressure, the pressure at the column 

bottom should be approximately 115 kPa. With a 750 Pa pressure drop per stage, 

the top could be kept slightly overpressurized, even with 27 plates. 

The best results with air stripping were achieved with a V/L ratio of 250-300. 

With a design flow rate of 93 m3/h of feed solution this corresponds to an air feed 

rate of 23,250-27,900 m3/h. The column temperature should be between 65 and 

75 °C in order to evaporate ammonia effectively. Steam could be used in the air 

flow to decrease the flow rate and to increase the gas temperature. A V/L ratio of 

200 can be used as the design value as plate columns can be operated within 50 to 
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120 % of the design capacity (Coulson & Richardson, 1993). If a packed bed 

column is used, the operating range is even wider.  

With steam stripping, the V/L ratio could be decreased to approximately 150 with 

a steam temperature of 150 °C. This would decrease the flow rates through the 

column and the external heating requirement. The major drawback of steam 

stripping is that this method increases the amount of water in the process. In order 

to  maintain  the  water  balance,  the  same  amount  of  water  has  to  be  evaporated.  

This increases the operating expenses of the process considerably. Air stripping 

requires external heating but the costs will not be as high as there are probably 

heat streams available in the plant that can be used as heat sources.  

With air stripping, condensation would be challenging as ammonia and water 

have a certain vapor pressure in air meaning that they cannot be condensed by 

water cooling alone. After cooling and removing the condensed ammonia water, 

the ammonia and water remaining in the vapor have to be liquefied. Liquefying 

cannot  be  done  by  cooling  as  the  water  would  freeze  before  ammonia  would  

liquefy. Instead, some other method such as pressurizing the gas should be used. 

Also,  a  demister  should  be  used  to  remove  any  droplets  from the  air.  The  exact  

method would have to be determined. Air has to be purified after liquefying to 

neutralize any remaining ammonia before releasing air to the atmosphere.  

With steam stripping, the ammonia water condensation would be relatively easy 

as there are only water and ammonia present in the vapor. The vapor can be 

condensed by cooling with water to a suitable temperature, approximately 45 °C, 

so that the ammonia is entirely soluble in the water in order to achieve 20 mass % 

ammonia water. Hence there is no need for liquefying and gas purification 

equipment, which also decreases the capital costs. As condensation was the major 

problem in the process, steam stripping would be preferable. Extra evaporation 

would increase the process costs but the ammonia recovery would be considerably 

more effective.  

In addition to the main process equipment, the system also needs piping, pumps, 

and valves as well as control devices. This additional equipment has to match the 

flow rates in the process. The materials used have to be corrosion-proof in the 
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conditions concerned. Titanium is basically the only metallic material that can be 

used due to the high chloride content and the presence of ammonia (Outokumpu 

Corrosion Handbook, 2009). Fiber reinforced plastic (FRP) is a very corrosion 

resistant material but cannot be used at high temperatures and it has poor heat 

conductivity. However, it can be used in units where the temperatures are lower 

than 105 °C. Hence, the only restriction might be the column bottom with steam 

stripping if a steam temperature of 150 °C or higher is used. Due to its low heat 

conductivity, FRP cannot be used in equipment where heat transfer is required. 

The flowsheets for large-scale ammonia regeneration processes are presented in 

Appendix  V.  The  flowsheets  for  both  air  and  steam  as  stripping  gas  as  well  as  

both lime options are taken into account. The flow rates, temperatures, pressures, 

and equipment sizes are optimized on the basis of the results obtained in this 

thesis. 

8.6 Suggestions for further research 

The ammonia regeneration reaction should be tested in more detail to achieve 

good ammonium conversion and complete dissolution of lime in the reactor. The 

reaction time, temperature, and pH, as well as the required amount of lime in the 

reaction, have to be determined by testing. The reaction temperature should 

probably be over 60 °C, the reaction time 30 minutes, the pH between 10-11.5 and 

the lime feed should be adjusted so that 1 g/L NH4Cl is left in the solution after 

the reactor.  

The  stripping  should  be  tested  with  smaller  V/L  ratios  in  a  column  with  an  

improved design as discussed in Chapter 8.4. The column operation with higher 

liquid layer on the plates can be achieved with higher weirs. This should be tested 

as the absence of froth build-up in the laboratory column probably restricted the 

mass transfer significantly. Stripping with steam should be tested to study even 

smaller V/L ratios and perhaps a better ammonia water composition. With steam 

stripping, ammonia carry-over could be avoided and ammonia water could be 

obtained by condensing the vapor. In air stripping, condensation should be studied 

with more effective cooling. 
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In conclusion, the future test program should contain the following: determination 

of the required reaction time and reactor conditions, stripping tests with an 

improved column design with both air and steam and low V/L ratios, and 

condensation tests with both air and steam as stripping gas. The main goals of the 

testwork should be to achieve a 10-20 mass % ammonia water as a product and to 

condense the vaporized ammonia water so that no ammonia is lost in 

neutralization. In addition, full conversion of ammonia and complete dissolution 

of lime should be achieved. 
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Process flowsheet and mass balances 
 
 
 

 

 

 

 

 

Figure 1.  Flowsheet of the ammonia regeneration process.  
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Figure 2.  Mass balances of air stripping of ammonia for both Ca(OH)2 and CaO 
neutralization. Feed values from HSC Sim model of the process and the 
calculated values based on Aspen simulation of the process (HSC Sim, 2013). 
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Figure 3.  Mass balances of steam stripping of ammonia for both Ca(OH)2 and  CaO  
neutralization. Feed values from HSC Sim model of the process and the 
calculated values based on Aspen simulation of the process (HSC Sim, 2013). 
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Simulation flowsheet, definitions and results 
 
 
 

 

Figure 1.  Flowsheet of Aspen simulation. Similar flowsheet used in all cases, with both 
Ca(OH)2 and CaO as well as air and steam. 
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Table I.  Definition of simulation models. * indicates variable which was changed during 
simulation tests to search the optimal design of the units.  

Reactor 
Model RStoic 
Pressure 120,000 Pa 
Temperature 90 °C 
Ca(OH)2 conversion 1 

Cooler1 
Model SIMP-HT 
Vapor fraction 0 
Outlet pressure 1 atm 

Column 
Model PACKSTR1 
Calculation type Rate-based 
No of stages 7* 
Condenser None 
Reboiler None 

Valid phases 
Vapor-
liquid 

Streams     
Colfeed 1 on-stage 
Air 7* on-stage 
Pressure     
Top stage 95 kPa 
Stage p drop 500 Pa 
Tray rating   
Sections 1-7* 
Tray type Sieve 
Diameter  3.5* m 

Condenser 
Model GEN-HT 
Calculation Shortcut 
Specification 
Hot stream outlet 
temperature 295* K 
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Table II.  Definition of simulation feed streams.   

FEED 
T 95 °C 
p 1 atm 
Composition  
Water 65.8 tonne/hr 
NH4Cl 7.75 tonne/hr 
CaCl2 40 tonne/hr 

CA(OH)2 / CAO 
T 25 °C 
p 1 atm 
Composition  
Ca(OH)2 5.3 tonne/hr 
CaO 4.06 tonne/hr 

GAS 
T (Air) 95 °C 
p (Air) 110 kPa 
T(Added steam) 110 °C 
p (Added steam) 110 kPa 
T (Steam) 145 °C 
p (Steam) 110 kPa 
Composition (Volume based) 
Air 12,200 L/s 
Added steam 5200 L/s 
Steam 13,000 L/s 

COOLIN 
T 15 °C 
p 1 atm 
Composition  
Water 200 kg/s 
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Table III.  Unit results from Aspen simulation for different cases.     

  Ca(OH)2 
with air 

CaO with 
air 

Ca(OH)2 
with steam 

CaO with 
steam   

Reactor           
Heat duty -194,451 -7,715,365 -194,451 -7,695,811 W 
Vapor frac 0.045 0.047 0.045 0.047 - 
Cooler           
Outlet T 59.54 64.8 59.54 64.8 °C 
Outlet p 101,325 120,000 101,325 120,000 Pa 
Heat duty -4,384,576 -3,905,465 -4,384,576 -3,905,465 W 
Column           
Top T 65 64.2 97.9 97.9 °C 
Distillate rate 16.32 16.4 6.64 6.63 kg/s 
Bottom T 70 70 101.9 101.9 °C 
Bottoms rate 32.56 32.84 33.79 33.44 kg/s 
Column D 3.5 3.2 2.5 2.5 m 
Max flooding 
factor 1.06 1.26 1.4 1.4 - 

Sect pressure 
drop 4609 N/A 5817 N/A Pa 

Plate spacing 0.53 0.63 0.75 0.74 m 
Backup 0.33 0.38 0.45 0.45 m 
Liquid velocity 0.068  N/A 0.14  N/A m/s 
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Table IV.  Stream results from Aspen simulation for Ca(OH)2 regeneration and air stripping 
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Table V.  Stream results from Aspen simulation for Ca(OH)2 regeneration and steam 

stripping. 
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Table VI.  Stream results from Aspen simulation for CaO regeneration and air stripping. 
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Table VII.  Stream results from Aspen simulation for CaO regeneration and steam stripping. 
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Figure 2. Temperature profile in column with air stripping. 

 

 

 

 

 
Figure 3. Temperature profile in column with steam stripping. 
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Figure 4.  Ammonia content in liquid in air stripping column. 

 

 

 

 

 
Figure 5. Ammonia content in liquid in steam stripping column. 
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Laboratory flowsheet and setup 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.  Flowsheet of the laboratory testwork.  
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Figure 2.  Laboratory setup used in the regeneration testing. 
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Laboratory tests and results 
 
 
Table I.   Laboratory test program and variables. 

# L , 
L/h 

V, 
m3/h V/L Resistor, 

 °C 
Plate,
 °C 

Reaction, 
min 

Reaction,
 °C 

Batch, 
L 

Lime, 
g 

1 10 5.75 575 max 80 10 22 5 270 
2 10 4.5 450 max 80 10 22 5 270 
3 10 6.9 690 max 80 10 22 5 270 
4 10 4.8 480 max 70 10 22 5 270 
5 10 6 600 max 70 10 22 5 270 
6 10 5.4 540 max 70 10 22 5 270 
7 10 6.3 630 max 70 10 22 5 197 
8 10 4.3 430 max 70 10 22 5 197 
9 10 5.4 540 max 70 30 22 5 197 
10 10 5.4 540 0 0 30 22 5 190 
11 10 5.4 540 max 0 30 40 5 190 
12 10 5.4 540 100 0 30 47 5 190 
13 10 5.4 540 0 max 30 33 5 190 
14 10 5.4 540 60 max 30 49 5 190 
15 10 6 600 max 0 30 32 5 264 
16 10 6 600 80 max 120 43 5 264 
17 10 6 600 max 60 30 55.4 5 260 
18 10 6 600 120 60 120 44.8 5 260 
19 15 6.45 430 80 60 30 47 5 260 
20 15 6 400 max 60 30 65.7 5 260 
22 5 4.5 900 120 60 30 58 5 260 
23 10 6 600 120 60 30 44 5 260 
24 10 6 600 max 0 120 49 5 260 
25 10 6 600 max 60 30 67 5 260 
26 19 5 263 max 70 30 62.5 7.5 396 
27 38 5 131 max max 30 66.3 10 529 
28 38 3 79 max 70 30 66 10 520 
29 38 4 105 max max 30 66.6 10 520 
30 19 5.7 300 max 80 30 60.3 7.5 396 
31 19 6 316 max 80 30 66.9 7.5 396 
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Table II.  Reactor results of the testwork 

Test Lime, g Feed, L NH4
+ in 

feed, g 
NH4

+ in 
solution, g 

NH4
+ 

conversion, % Precipitate, g 

1 270 4.33 84.87 51.00 39.9 N/A 
2 270 4.33 84.93 22.50 73.5 N/A 
3 270 4.33 84.93 13.58 84.0 N/A 
4 270 4.33 84.93 4.86 94.3 N/A 
5 270 4.33 84.93 15.76 81.4 N/A 
6 270 4.17 81.67 3.44 95.8 N/A 
7 197 4.67 91.47 30.17 67.0 N/A 
8 197 4.00 78.40 31.00 60.5 N/A 
9 197 4.00 62.07 18.53 76.4 N/A 
10 190 4.17 0.00 64.13 21.5 N/A 
11 190 4.50 78.40 21.46 75.7 N/A 
12 190 4.33 81.67 24.59 71.0 N/A 
13 190 4.33 88.20 50.80 40.2 N/A 
14 190 4.50 84.93 26.77 69.6 N/A 
15 264 4.75 84.93 10.02 91.0 137.1 
16 264 4.50 88.20 9.67 90.9 50.5 
17 260 4.50 111.63 2.34 97.8 16.2 
18 260 4.50 105.75 4.94 95.3 42.3 
19 260 4.25 105.75 16.40 83.6 21.5 
20 260 4.00 105.75 4.10 95.6 20.4 
22 260 4.67 99.88 1.42 98.7 42.7 
23 260 4.50 94.00 1.45 98.6 41.1 
24 260 4.50 109.67 0.87 99.2 52.3 
25 260 4.00 105.75 0.91 99.0 27.4 
26 396 6.65 105.75 3.33 97.9 34.0 
27 529 8.23 94.00 7.81 96.0 41.4 
28 520 8.33 156.28 11.50 94.1 51.6 
29 520 8.23 193.48 9.14 95.3 61.3 
30 396 6.65 195.76 19.03 87.8 72.4 
31 396 6.33 193.41 14.21 90.5 56.2 

 

 
Table III.  Analysis of the solids remaining in the reactor after mixing in test 1. 
Substance C Al Ca Fe K Mg Na S SiO2 
Content, % 0.894 0.13 43.5 0.17 <0,10 0.91 0.05 0.017 1.33 
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Table IV.  Column results of the testwork 

Test 
T 
top,
 °C 

T 
bottom,
 °C 

NH3 
water, 
L 

NH3 in 
water, 
g/L 

Solution, 
L 

NH3 in 
solution, 
g/L 

NH3 in 
vapor, 
g/L 

NH3 
separ., 
% 

1 65 80 0.60 9.1 3.75 0.41 62 96.0 
2 65 75 0.63 18.3 3.88 0.97 101 94.4 
3 62 68 0.60 13.4 2.83 0.57 124 97.9 
4 65 69 0.60 15.5 3.47 0.63 138 97.4 
5 65 70 0.62 13.0 3.09 0.45 117 98.1 
6 66 73 0.68 13.6 3.13 0.50 125 98.2 
7 63 68 0.62 9.1 3.11 0.55 80 96.7 
8 67 73 0.60 16.0 3.10 0.65 81 96.0 
9 66 73 0.57 14.6 3.14 0.80 106 96.0 
10 19 16 0.03 12.0 3.75 11.10 -905 -187 
11 66 61 1.10 12.4 2.98 1.61 48 91.6 
12 60 54 0.42 15.0 3.67 1.29 117 91.2 
13 29 56 0.11 13.0 4.00 6.79 6 2.3 
14 55 66 0.30 14.6 3.88 1.76 150 86.8 
15 61 55 0.57 13.5 3.34 1.50 165 94.9 
16 47 61 0.23 15.0 3.72 3.60 383 86.5 
17 65 65 1.38 12.2 2.52 1.50 74 96.4 
18 57 63 0.40 17.4 3.53 1.30 245 95.5 
19 45 58 0.66 19.5 3.28 5.00 113 82.0 
20 76 67 1.62 18.2 2.28 1.60 62 96.5 
22 64 60 0.80 15.9 3.19 1.04 129 96.9 
23 63 63 0.40 21.5 3.03 1.00 258 97.1 
24 70 66 0.61 20.0 3.18 0.77 171 97.7 
25 76 69 0.77 17.7 2.74 0.51 137 98.7 
26 74 71 0.60 33.7 6.60 2.60 239 89.3 
27 72 78 0.95 62.7 8.68 8.80 142 63.8 
28 63 76 0.18 13.6 8.70 11.90 556 49.2 
29 66 81 0.44 29.3 8.29 9.80 283 82.3 
30 69 66 0.43 24.4 6.14 3.30 290 86.0 
31 71 76 0.55 23.7 5.92 2.00 251 92.1 

 

The column was clogged after 15 tests due to the solids that were carried into it  

from the reactor. At this point the column was cleaned and an analysis of the 

solids was made. In later tests the amount of solids in the column was reduced and 

no clogging took place. The analysis results of the solids is presented in Table V. 
 

 

Table V.  Analysis of the solids from the column after 15 tests. 
Substance C Al Ca Fe K Mg Na S SiO2 
Content, % 4.44 1.05 28.9 0.8 0.33 5.93 0.37 0.496 10.4 
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Flowsheets for plant scale ammonia regeneration process 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.  Flowsheet for the ammonia regeneration and recovery process with air as 
stripping gas.  
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Figure 2.  Flowsheet for the ammonia regeneration and recovery process with steam as 
stripping gas. 

 

R
ea

ct
or

 R
C

-1
V=

 5
0 

m
3

T=
60

 C
p=

1 
at

m
 a

bs

S1
 F

ee
d

V=
93

 m
3/

h
T=

40
C

S2
 L

im
e

m
=5

.3
0 

t/h
 C

a(
O

H
)2

m
=4

.0
6 

t/h
 C

aO

C
ol

um
n 

ES
-1

n=
7

D
=3

 m

H
=4

.5
 m

T=
10

0 
C

p(
bo

tto
m

)=
1.

15
 a

tm
 a

bs

l(t
)=

0.
5 

m

S3
 R

ea
ct

or
 o

utS5
 C

ol
um

n 
fe

ed

Fi
lte

r F
L-

1

V=
97

 m
3/

h
T=

65
 C

S4
 S

ol
id

s

S6
 S

te
am

V=
13

00
0 

m
3/

h
T=

14
5 

C
p=

1.
15

 a
tm

 a
bs

S7
 L

iq
ui

d 
ou

t

S8
 V

ap
or

 o
ut

C
oo

le
r H

X-
1

S9
 C

oo
l i

n 
1

S1
0 

C
oo

l o
ut

 1

V=
 2

9.
68

 m
3/

h
T=

 9
8 

C

Q
=4

.7
8 

kW

T=
22

 C

V=
91

.0
9 

m
3/

h
T=

10
2 

C

S1
1 

N
H

3 
w

at
er

 o
ut

V=
24

.3
5 

m
3/

h


	1 INTRODUCTION
	2 PROCESS DESCRIPTION
	3 DETERMINATION OF THE PROCESS EQUIPMENT
	3.1 Determination of the regeneration reactor
	3.2 Determination of the stripping column
	3.2.1 Column types
	3.2.2 Limits and challenges in column operation
	3.2.3 Column solutions used in ammonia stripping
	3.2.4 Differences of ammonia regeneration in nickel recovery
	3.2.5 Column selection

	3.3 Determination of the condensation unit

	4 EQUIPMENT DESIGN
	4.1 Design of the regeneration reactor
	4.2 Design of the stripping column
	4.2.1 Column designs used in corresponding cases
	4.2.2 Column design selections and calculations
	4.2.3 Mass transfer in stripping column
	4.2.4 Mass transfer in steam stripping
	4.2.5 Mass transfer in air stripping


	5 PROCESS SIMULATION
	5.1 Simulation of the regeneration reactor
	5.2 Simulation of the stripping column
	5.3 Simulation of the condensation unit

	6 LABORATORY EXPERIMENTS
	6.1 Chemicals used in the laboratory tests
	6.2 Design of experimental setup
	6.2.1 Design of laboratory stripping column

	6.3 Testwork

	7 RESULTS AND DISCUSSION
	7.1 Results of Aspen simulation
	7.1.1 Results of mass and energy balances
	7.1.2 Results of equipment design

	7.2 Testwork results
	7.2.1 Determination of column operational area
	7.2.2 Testwork results of ammonia regeneration reactor
	7.2.3 Testwork results of stripping column
	7.2.4 Testwork results of condensing ammonia water


	8 CONCLUSIONS
	8.1 Conclusions on ammonia regeneration reactor
	8.2 Conclusions on stripping column
	8.3 Conclusions on condensation unit
	8.4 Design of improved ammonia regeneration laboratory testing
	8.5 Design of full-scale ammonia regeneration process
	8.6 Suggestions for further research

	REFERENCES
	APPENDICES

