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Ammonia removal is an important problem to resolve as whilst it has been responsible 
for the ability to sustain an 8 Bn population due to increased food production, it has also 
resulted in widescale degringolade of global waterways via eutrophication and leaching. 
It requires 2% of the world’s energy to produce it and a further 0.5-1% of energy to 
remediate it. Less than 10 mg/L can harm fish. If left untreated, ammonia poses a 
serious risk of eutrophication of local water sources. Several processes exist for 
ammonia treatment and compared with DZ Mb Stripping approach. It is seen from the 
results that due to an inherently large surface area to volume ratio of the microbubbles, 
there is a strong increase of the rate of mass exchange or gas exchange for ammonia 
from the liquid into the air bubble.   

An operational lab scale rig was used to characterise the system and partial results 
have been presented in this study as part of the initial work on ammonia separation. 
Results obtained have a similar general trend to previously reported work by Desai and 
Zimmerman. The KD (mass transfer coefficient) obtained has been found to be 3-4 
orders of magnitude higher than what has been reported in literature and as industrial 
comparators. This greatly enhances the process (at least on a prima facie basis) and is 
higher than previously reported due to use of better and more accurate sensors.  

 

 

Background 
With increasing public scrutiny and environmental restrictions, industrial endusers are under 
unprecedented pressure to sustainably process waste in a sensitive and economically 
favourable manner.  

Anaerobic digestion (AD) of organic waste draws significant investigation as a sustainable 
method for processing organic waste into biogas and reducing waste. A rise in food waste has 
led to increasing greenhouse gas emissions. Anaerobic digestion (AD) has the potential to 
manage solid waste efficiently and generate renewable energy. In addition to its highly 
decomposable organic compounds and moisture content, food waste poses health hazards 
and challenges to waste management systems due to its rapid decomposition, microbial 
propagation and odour generation. It has been demonstrated that the anaerobic digestion of 
food waste is an effective method of reducing the amount of waste sent to landfills, thereby 
reducing pollution and odour problems associated with the disposal site (Ebrahimi-Nik et al., 
2018; Midgley et al., 2021).  

AD produces ammonia from organic nitrogen, and anaerobic digesters can benefit from the 
presence of ammonia, which acts as a buffer. Ammonia, in limited amounts, is an essential 
nutrient for many organisms in the digester. It also functions as a buffer for the digestion 
process.  Nevertheless, high concentrations of ammonia can inhibit digestion, resulting in a 
loss of capacity and slow production (Procházka et al., 2012; Serna-Maza et al., 2017). A 
number of studies have found that digestion failures are frequently associated with high levels 
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of free ammonia nitrogen (FAN) (Gerardi, 2003). Ammonia build-up leads to the accumulation 
of volatile fatty acids (VFAs) within the digester, resulting in decreased biogas production. This 
can ultimately lead to the failure of the digester. AD failure can be due to the presence of high 
concentrations of ammonia, inhibiting methanogenic metabolism, hence methane production 
while triggering the accumulation of VFA in the digester (Nielsen and Angelidaki, 2008).  In 
general, anaerobic microbes consume carbon at a rate 20 to 30 times greater than nitrogen. 
Therefore, to ensure an efficient biogas production process, feedstocks should have a carbon 
to nitrogen (C/N) ratio between 20 and 30 (Haque and Haque, 1970). When feedstocks with 
lower C/N ratios are digested, the concentration of ammonia produced will be higher, resulting 
in greater ammonia inhibition. 

There have been numerous studies conducted to improve and increase the production of 
biogas from AD. The seeding (by sparging or injection) of carbon dioxide into anaerobic 
digesters had previously been suggested as a method to improve the methane production from 
anaerobic digestion of organic waste and sludge (Bajón Fernández et al., 2014, 2015; Al-
Mashhadani et al., 2016; Alibardi et al., 2017) using various approaches such as bubble 
mediated injection, microbubble injection , and carbon dioxide rich atmosphere. It was 
observed, on a prima facie basis, that the surface area of carbon dioxide interaction was 
directly corelated to increased biogas production. For example, in comparison with the control 
reactor, carbon dioxide injection increased methane production by 20% (Bajón Fernández et 
al., 2015; Koch et al., 2015). In another study, a significant increase (about 100 - 110%) in the 
production rate of methane had been observed by AD of food waste sparged with pure carbon 
dioxide gas microbubbles (Al-Mashhadani et al., 2016). However, until the paradigm shifting 
work by Desai and Zimmerman, (Desai and Zimmerman, 2023) , wherein structures of self-
assembled microbubble based scaffolds were utilised to improve mass transfer and gas 
exchange ,as high as 11-fold improvements in rate of biogas production was not observed. 
The mechanism for such an interaction is discussed in the paper and is based on Desai 
Artificial Lichen, also known as Desai Microbubble Scaffolds.  

Ammonia and Ammonium- basis for separation  

AD systems, like most biological systems produces ammonia as a by-product of its metabolic 
processes, which is typically 500 mg/L- 3,000 mg/L. Ammoniacal nitrogen, NH4-N (a measure 
for the total amount of ammonia in both dissociated and undissociated forms) is produced by 
the decomposition of proteins. The nitrogen originates from proteins which begin to degrade 
during digestion. During anaerobic digestion, the insoluble biological polymers are converted to 
soluble sugars, amino acids, long-chain fatty acids and glycerol. These are then hydrolysed 
and fermented into ammonia or ammonium (depending on the pH and temperature of the 
digester) amongst many products via ammonification. Ammonium is found in high 
concentrations typically ranging from 500 mg/L- 5,000 mg/L. 

Ammonia exists in leachate in equilibrium with water: 

NH3 + H2O ↔ NH4+ + OH- 
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Using air to strip NH4-N out is the most common method of treatment (Renou et al., 2008) 
(Abbas et al., 2009). Stripping occurs when a gas (usually air or biogas), unsaturated with 
ammonia, passes through the liquid which contains undissociated NH3 available for 
desorption. The rate at which desorption occurs is affected by the concentration of 
undissociated ammonia, gas-liquid interfacial area, mass transfer coefficient, partial pressure 
of ammonia in the gas phase and degree of turbulence. All of these are in turn affected by the 
process and environment conditions i.e. temperature and pH (Kjeldsen et al., 2002) (Srinath 
and Loehr, 1974). 

Mass Transfer Theory  

 

Fick’s Law of Diffusion 

 

 

Figure 1. 'Two-film' theory from the original paper published by Lewis and Whitman (1924). 

 

Several theories exist for the mass transfer across the phase interface. Lewis and Whitman 
(1924) theorised that mass transfer must overcome a resistive layer in each phase at the 
interface where turbulence dies and mass transfer is governed by Fick's first law of diffusion -
Equation 1 - this is known as the 'two-film' theory in Figure 1.  

Equation 1 
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JA = −DAB
dCA
dx

 

Where: JA = molar flux (mol/m2/s) 

 DAB = diffusion coefficient (m2/s) 

 CA = concentration (mol/m3) 

 x = position or length (m) 

Penetration Theory 

 

Figure 2 The penetration theory (Coulson et al., 1999). 

Higbie (1935) proposed the 'penetration' theory where turbulent eddies transport fluid to the 
interface where it is then exposed to the alternative phase for a time until being remixed into 
the bulk. The fluid at the surface will diffuse into the alternative phase until equilibrium is 
established, or it is carried away by turbulent eddies. The term 'penetration' comes from the 
measure of how far the solute has diffused into the bulk solvent away from the interface with 
respect to time, as shown by Figure 2, in terms of absorption. 

Film Penetration Theory  

Toor and Marchello (1958) proposed the 'film-penetration' theory which combines aspects of 
the 'two-film' and 'penetration' theories. A laminar film is present, similar to the two-film theory, 
where turbulent eddies die out, however, mass is transported at irregular intervals to the film by 
eddy currents. Mass transfer then occurs across the interface as according the Fick's second 
law of diffusion (Equation 2). 
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Equation 2 

∂CA
∂t

= DAB
∂2CA
∂x2

 

Where, for unsteady-state mass transfer: 

∂CA
∂t

= DAB
∂2CA
∂x2

− uf
∂CA
∂y

 

Where, uf, is the bulk velocity. When a steady concentration gradient as been established, 
mass transfer more closely follows Fick's first law of diffusion as in the two-film theory. The 
film-penetration theory can be summarised as:  

Equation 3 

π ≤ L2

Dt
< ∞                      (NA)t = (CAi − CA0)�D

πt
 

Equation 4 

0 < L2

Dt
< ∞                      (NA)t = (CAi − CA0) D

L
 

Where: NA = number of moles transferred. 

Equation 4 will most closely represent mass transfer for droplets or bubbles (Coulson et al., 
1999). Many more theories have been proposed which describe mass transfer across an 
interface, however, focussing on ammonia, as previously shown it dissolves in water and forms 
ammonium ions as follows: 

NH3 + H2O ↔ NH4+ + OH- 

Only ammonia gas, and not ammonium ions, can be removed by stripping. The amount of 
undissociated ammonia in water is a function of the pH, and the ionisation constants of 
aqueous ammonia, kb, and water, kw which are in turn a function of temperature. Most N in the 
centrate exists as NH4+ and NH3 depending on the pH(Srinath and Loehr, 1974). Srinath and 
Loehr (1974) showed that the fraction of undissociated ammonia-nitrogen can be found from 
Equation 5.  

Equation 5 

F =
undissociated ammonia − nitrogen

total ammoniacal nitrogen
=

10pH

kb
kw

+ 10pH
 

Therefore, the ability to remove ammonia via stripping increases with temperature and pH. 
This backs Le Chatelier's principle and in turn, DZ Mb Stripping, in that an increase in the pH 
and therefore the hydroxide concentration drives the reaction/equilibrium towards 
undissociated ammonia production.  
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Effects of Temperature and pH on ammonia removal  

Figure 3 illustrates the effects of temperature and pH on the fraction of undissociated 
ammonia. 

 

Figure 3. Effect of pH and temperature on the fraction of undissociated ammonia (Srinath and 
Loehr, 1974). 

Besides temperature having an effect on the ionisation constants, it also has an effect on the 
solubility of ammonia in water. The solubility of a gas is influenced as per Van't Hoff's law of 
mobile equilibrium, that is, if the temperature of a system at equilibrium is raised, a change will 
occur to absorb the heat. Usually, when a gas is dissolved in a solution, heat will be generated, 
therefore as the temperature rises, the solubility decreases (an exception to this is light gases 
e.g. H2, O2, N2, CH4).  

This is why, (Collivignarelli et al. 1998), reported that for an initial ammonia-rich liquor (2000 
mg/L) at a pH of 12, required 8h of processing time, with a 50% of removal rate. This limits 
approaches for use with conventional air stripping. Companies such as Nijhuis require pure 
CO2 to be used as the carrier gas in order to remove the NH3.  
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Figure 4. Solubility of gases, including ammonia, in water (Treybal, 1980). 

Equation 6 (Srinath and Loehr, 1974) shows that the change of concentration of ammoniacal 
nitrogen, ΔC, in the ammonia-rich liquor is proportional to the interfacial area, Ai, time that is 
spent where the gas is in contact with the liquid, t, the concentration of undissociated ammonia 
in the centrate, CF, and the mass transfer coefficient. It shows that the rate of ammonia 
stripping is first order and that stripping is most effective at higher concentrations of NH4-N  
(Kabdasli et al., 2000). It should be noted, however, that NH3 saturation in the bubble has 
been found to occur within the first few millimetres of ascent (Smith and Arab, 1988), hence, 
the effect of time on the desorption into the bubble can rapidly become insignificant depending 
on the bubble rise velocity which may be found using the Hadamard-Rybczynski equation 
(Hadamard, 1911), (Rybczynski,1911). 

Equation 6 

−∆C = KAiCF∆t 

Which can be integrated for a batch reactor to give: 
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ln �
C1
C2
� = KDF(t2 − t1) 

Without pH control, an ammonia-rich liquor undergoing aeration will experience a reduction in 
pH as the undissociated ammonia is stripped and the alkali leachate begins to absorb the 
carbon dioxide from the air to produce carbonates from hydroxides. Srinath and Loehr (1974) 
show the final form of the equation:  

ln �
C2
C1
� =

KD(L2 − L1)(t2 − t1)
(pH2 − pH1) ln 10

 

Where: Ln = ln(10pHn + kb / kw) 

Alternatively, using Henry's law, this can be written as follows to allow for the prediction of how 
much air is required to achieve a desired ammonia removal assuming constant pH. 

ln �
C1
C2
� = �

Aρa
VH� F(t2 − t1) 

Where: A = air flowrate  

 ρa = density of ammonia 

 V = volume of liquid 

 H = Henry's constant 

All of the equations show that the rate of desorption is equivalent to interfacial area. In practical 
terms, the desorption into bubbles has been found to be secondary to the liquid surface area. 
Furthermore, the bubbles have been found to serve only to create turbulence and agitation at 
the liquid surface hence causing an increase in surface area (Cheung et al., 1997) (Smith and 
Arab, 1988). This is not dissimilar to non-aerated systems which can achieve ammonia 
removals of 50% through desorption solely at the surface, however, this performance is also 
improved through aeration and surface mixing. The approach proposed by DZ Mb Stripping 
relies on microbubbles removing the ammonia using similar principles like quantum computing. 
A larger bubble (like the green one in figure 5) can remove a relatively high amount of 
ammonia compared to a smaller bubble (like the red bubble in figure 5). However, for the same 
volumetric throughput, a thousand red bubbles can fit in the same volume as the green bubble 
but contains 1000-fold higher surface area. As discussed previously, surface area is important 
for ammonia removal or process improvement. A large number of smaller bubbles can 
accomplish the same as that of a single larger bubble.  

The second principle of DZ Mb Stripping is based on Ludwig-Soret Effect , which postulates 
that different particles behave differently under a temperature gradient, ie. concentration 
gradient is driven faster by a temperature gradient. In one of the pieces of work, Desai has 
made advances to the separation of gaseous vapours as a separation mechanism on the basis 
of the Dufour effect (Dufour, L., 1872), which is based on evaporative cooling.  
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Figure 5 Bubbles of unit size 1, 5, and 10, showing the differences in volume and surface area 
for various sizes.  

Some work has been done analysing the effect of heat on the bulk liquid; (Marttinen et al. 
2002) reported stripping at temperatures as low as 6 °C and that a higher efficiency of 
ammonia stripping can be achieved in a shorter time by using higher temperatures. However, 
the majority of research has been into determining the optimum air flowrate and pH. There are 
papers in literature that show some applications of stripping where the optimum pH has been 
found to be around 11-12, however, an economic analysis is required to balance the cost of 
alkali against removal efficiency. Figure 3 shows that the increase in F when the pH is 
increased from 11 to 12 is small compared to 10 to 11. This has also been observed in practice 
by (Collivignarelli et al. 1998) who observed an increase in removal efficiency from 46 to 50% 
when the pH was increased from 11 to12. (Collivignarelli et al. 1998) also took a unique 
approach in analysing the specific ammonia removal with respect to air usage. An increase in 
air flow from 80 L/h to 200 L/h decreased the specific ammonia removal from 1.13 to 0.8 mg/L 
air, therefore, better efficiencies of air usage can be achieved at lower flow rates, particularly 
for higher temperatures.  
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The effect of hydraulic level has not received much attention due to it being concluded as 
making no significant difference to removal efficiency as the bubbles reach saturation within a 
few millimetres, (Collivignarelli et al. 1998). This effect is much more pronounced in DZ Mb 
Stripping due to much smaller bubble sizes which demonstrate slower rise velocity.  

Ammonia stripping has disadvantages in that it can be expensive and prone to scaling and 
foaming due to the lime used for pH control (Smith and Arab, 1988) (Renou et al., 2008) (Silva 
et al., 2004). The foaming commonly requires a large column hence incurring added costs (Li 
et al., 1999). It also produces the hazard of gaseous ammonia escaping into the atmosphere, 
hence, it is common for the stripped gas to be treated with sulphuric acid or hydrochloric acid 
(Renou et al., 2008) (Li et al., 1999).  

Stripping does have the advantage of being able to treat a wide range of ammonia 
concentrations. (Li et al, 1999) reported that air stripping is used for NH3-N concentrations 
greater than 3,000 mg/L which follows from Fick's law of diffusion that a large concentration 
gradient is required for effective stripping. However, more recent research has shown that 
leachates with concentrations as low as 74 mg/L can still be treated (Marttinen et al., 2002). 
DZ Mb Stripping has been used to strip as low as 1 mg/L, down to 0.01 mg/L.   

 

Methods  
The MS1 report showcases the experimental set up. The current setup relies on modifications 
made after that to enable appropriate project operation. Set up has an additional inclusion of 
1.5kW process heater, to ensure that room temperature gas could be introduced within the 
system. The 1.5kW process heater has been designed to enable modular approach to reduce 
or increase power, so as to be able to be included within the system for pilot use.  

The SOP and the forms are based on the standard approach discussed in MS1.  

Chemical analysis 

Ammoniacal nitrogen concentration 

The ammonium concentration in the solution was directly measured using various ammonium 
ion selective electrodes (ISE) as advised by the American Public Health Association (APHA) 
Standard Method for the examination of water and wastewater (APHA, 2007) and literature 
(Kabdasli et al., 2000, Marttinen et al., 2002, Silva et al., 2004, Collivignarelli et al., 1998, 
Cheung et al., 1997). It is noted that APHA (2007b) states that this method is only applicable 
up to concentrations of 1,400 mg/L, however, Collivignarelli et al. (1998) used it for 
concentrations of 2,000 mg/L and the probes itself can operate up to 18,000 ppm (~18,000 
mg/L). There were significant issues with the probes being used as they were not providing 
replicable results on a consistent basis. The electrode is made of a membrane containing an 
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ammonium ion selective exchanger. As the NH4+ of the sample diffuses through the 
membrane, an electrochemical potential is produced which, when compared to a reference 
standard, yields the ammonium ion concentration as given by the Nernst equation.  

𝐸𝐸 = 𝐸𝐸0 + 𝑆𝑆 log𝑋𝑋 

Where: E = measured electrochemical potential 

E0 = reference potential 

S = electrode slope 

X = level of NH4+ in sample 

The level of NH4+ is representative of the effective concentration as only the free ions i.e. not 
the bonded ions, interact with the probe 

𝑋𝑋 = 𝛾𝛾𝐶𝐶𝐹𝐹 

Where: γ = activity coefficient 

 CF = concentration of free ammonium ions (= Ct - Cb, where Ct is the total number of 
ammonium ions and Cb are bound ions) 

If the ionic strength of the sample is high relative to the NH4+ concentration (this is achieved 
using an ionic strength adjuster (ISA) which, for ammonium, is recommended to be NaCl or 
LiCl) then γ is constant and X is proportional to CF. Therefore, E is proportional to CF and a 
semi-log plot can be used to convert the measured E to ammonium concentration. This is 
directly converted based on software provided by Terabithia.  

pH measurement 

The pH of the solution was directly measured as it is important for ammonia measurement as 
seen in Figure 3.  The probe was calibrated using Phthalate buffer solution (pH 4.0), Deionised 
water (pH 7.0), & Tetraborate buffer solution (pH 10.0)  

UV- Vis Spectrophotometer  

The device used for experimentation was a Jenway UV/Visible Scanning Spectrophotometer 
with a 1.5-nm Bandwidth. The visible region - 400–700 nm – and the spectrophotometry 
associated with it is used extensively in colorimetry. Ultraviolet–visible spectroscopy or 
ultraviolet-visible spectrophotometry (UV-Vis or UV/Vis) refers to absorption spectroscopy or 
reflectance spectroscopy in the ultraviolet-visible spectral region. This means it uses light in the 
visible and adjacent (near-UV and near-infrared [NIR]) ranges. The absorption or reflectance in 
the visible range directly affects the perceived colour of the chemicals involved. In this region 
of the electromagnetic spectrum, molecules undergo electronic transitions.  

The system follows the Beer-Lambert Law: 
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where A is Absorbance, I0 – incident light, I is the absorbed light, L is the path length, c is the 
concentration and ε is the molar absorptivity. 

The change in the spectrum can be used to characterise changes to a system as well as 
quantitatively assess how well does the transmittance/adsorbance changes post processing.  

Samples are usually prepared in cuvettes; depending on the region of interest, they may be 
constructed of glass, plastic (visible spectrum region of interest), or quartz (Far UV spectrum 
region of interest). 

Results and Discussions  
[REDACTED] 

Conclusions  
Initial set of results are showcasing a positive outcome with the application of DZ Mb Stripping 
for removal of ammonia. This is also observed with the increased KD demonstrated, which is 
1,000-10,000 times higher than what has been observed in literature. There is a high variability 
of results due to the problems faced by older probes and various sensors. Higher temperature 
of inlet gas has demonstrated better performance for separation. Higher pH, when adjusted, 
leads to a significant increase in processing and reduction in costs.  

This is a work in progress but the initial work is showcasing significant promise and 
complements work conducted by CCM and Reepel in their respective work packages.  

The use of appropriate sensors, high pressure steam cleaning, and recirculation due to 
pumping has ensured appropriate control strategies are in place and downtime is reduced.  

There has been background work on the process wherein CO2 is used for stripping the gas 
and it demonstrates lower results as compared to air for the same removal rate due to pH shift 
which is quicker and therefore against Le Chatelier’s principle. This also means that it is a 
viable candidate for use in situations when there might be an electricity shutdown, which 
further de-risks the scenario and process.  

 

 

 

 



Initial work on ammonia separation 

16 
 

References 
Al-Mashhadani, M. K. H. (2013) Application of Microbubbles Generated by Fluidic Oscillation in 
the Anaerobic Digestion Process. The University of Sheffield. 

Al-Mashhadani, M. K. H., Wilkinson, S. J., and Zimmerman, W. B. (2016) ‘Carbon dioxide rich 
microbubble acceleration of biogas production in anaerobic digestion’, Chemical Engineering 
Science, 156, pp. 24–35.  

Alibardi, L., Green, K., Favaro, L., Vale, P., Soares, A., Cartmell, E., and Bajón Fernández, Y. 
(2017) ‘Performance and stability of sewage sludge digestion under CO 2 enrichment: A pilot 
study’.  

Angelidaki, I., Karakashev, D., Batstone, D. J., Plugge, C. M., and Stams, A. J. M. (2011) 
Biomethanation and its potential. 1st edn, Methods in Enzymology. 1st edn. Elsevier Inc.  

Angelidaki, I., and Ahring, B. K. (1993) ‘Applied Microbiology Biotechnology Thermophilic 
anaerobic digestion of livestock waste: the effect of ammonia’, Appl Microbiol Biotechnol, 38, 
pp. 560–564. 

American Public Health Association, 2007. Standard Methods for the Examination of Water 
and Wastewater - Part 4000 (Inorganic nonmetallic constituents), Section 4500-NH3. 

APHA (2017) Standard methods for the examination of water and wastewater. 23rd edn. 
Washington, DC, New York: American Public Health Association. 

Bajón Fernández, Y., Soares, A., Villa, R., Vale, P., and Cartmell, E. (2014) ‘Carbon capture 
and biogas enhancement by carbon dioxide enrichment of anaerobic digesters treating sewage 
sludge or food waste’.  

Bajón Fernández, Y., Green, K., Schuler, K., Soares, A., Vale, P., Alibardi, L., and Cartmell, E. 
(2015) ‘Biological carbon dioxide utilisation in food waste anaerobic digesters’, Water 
Research, 87, pp. 467–475. 

Bonmatí, A., and Flotats, X. (2003) ‘Air stripping of ammonia from pig slurry: characterisation 
and feasibility as a pre-or post-treatment to mesophilic anaerobic digestion’, Waste 
Management, 23, pp. 261–272.  

Boyle, W. C. (1977) ‘Energy recovery from sanitary landfills - A review’, Microbial Energy 
Conversion. Edited by H. G. Schlegel and J. Barnea, pp. 119–138. 

Buswell, A. M., and Mueller, H. F. (1952) ‘Mechanism of Methane Fermentation’, Industrial & 
Engineering Chemistry, 44(3), pp. 550–552.  



Initial work on ammonia separation 

17 
 

Capson-Tojo, G., Moscoviz, R., Astals, S., Robles, and Steyer, J. P. (2020) ‘Unraveling the 
literature chaos around free ammonia inhibition in anaerobic digestion’, Renewable and 
Sustainable Energy Reviews, 117(September 2019), p. 109487.  

Chen, Y., Cheng, J. J., and Creamer, K. S. (2008) ‘Inhibition of anaerobic digestion process: A 
review’, Bioresource Technology, 99(10), pp. 4044–4064.  

Cioabla, A. E., Ionel, I., Dumitrel, G. A., and Popescu, F. (2012) ‘Comparative study on factors 
affecting anaerobic digestion of agricultural vegetal residues’, Biotechnology for Biofuels, 5(1), 
p. 1.  

Collivignarelli, C., Bertanza, G., Baldi, M. & Avezzù, F. 1998. Ammonia stripping from MSW 
landfill leachate in bubble reactors: process modeling and optimization. Waste Management & 
Research, 16(5), 455-466. 

Coulson, J. M., Richardson, J. F., Backhurst, J. R. & Harker, J. H. 1999. 10.5.4 Mass Transfer 
to a Sphere in a Homogenous Fluid. Coulson and Richardson's Chemical Engineering Volume 
1 - Fluid Flow, Heat Transfer and Mass Transfer. 6th ed.: Elsevier, 617-618. 

Cudjoe, D., Nketiah, E., Obuobi, B., Adu-Gyamfi, G., Adjei, M., and Zhu, B. (2021) ‘Forecasting 
the potential and economic feasibility of power generation using biogas from food waste in 
Ghana: Evidence from Accra and Kumasi’, Energy, 226.  

Dufour, L. (1872). The Diffusion Thermoeffect. Archives des Sciences Physiques et Naturelles, 
45, 9-12. 

Emerson, K., Russo, R. C., Lund, R. E., and Thurston, R. V. (1975) ‘Aqueous Ammonia 
Equilibrium Calculations: Effect of pH and Temperature’, Journal of the Fisheries Research 
Board of Canada, 32(12), pp. 2379–2383.  

Feng, L. et al. (2013) ‘Biochemical methane potential (BMP) of vinegar residue and the 
influence of feed to inoculum ratios on biogas production’, BioResources, 8(2), pp. 2487–2498.  

Gerardi, M. H. (2003) The Microbiology of Anaerobic Digesters. Hoboken, New Jersey: John 
Wiley & Sons, Inc. 

Groot, S. R. D. & Mazur, P. 1969. Non-equilibrium thermodynamics : by S.R. de groot and P. 
Mazur, Amsterdam, North-Holland. 

Hadamard, J. S. (1911). "Mouvement permanent lent d'une sphere liquide et visqueuse dans 
un liquide visqueux". C. R. Acad. Sci. (in French). 152: 1735–1738. 

Hashimoto, A. G. (1983) ‘Conversion of straw–manure mixtures to methane at mesophilic and 
thermophilic temperatures’, Biotechnology and Bioengineering, 25(1), pp. 185–200.  

Higbie, R. 1935. The rate of absorption of a pure gas into still liquid during short periods of 
exposure.   



Initial work on ammonia separation 

18 
 

Jayaraj, S., Velmurugan, S., and Deepanraj, B. (2014) ‘Study on the effect of pH on biogas 
production from food waste by anaerobic digestion’, in The 9th international green energy 
conference. Tianjin, China, pp. 799–805.  

Kabdasli, I., Öztürk, Í., Tünay, O., Yilmaz, S. & Arikan, O. 2000. Ammonia removal from young 
landfill leachate by magnesium ammonium phosphate precipitation and air stripping. Water 
Science and Technology, 41(1), 237-240. 

Koch, K., Bajón Fernández, Y., and Drewes, J. E. (2015) ‘Influence of headspace flushing on 
methane production in Biochemical Methane Potential (BMP) tests’, Bioresource Technology, 
186(February), pp. 173–178.  

Kothari, R., Pandey, A. K., Kumar, S., Tyagi, V. V., and Tyagi, S. K. (2014) ‘Different aspects 
of dry anaerobic digestion for bio-energy: An overview’, Renewable and Sustainable Energy 
Reviews, 39, pp. 174–195.  

Lewis, W. K. & Whitman, W. G. 1924. Principles of Gas Absorption. Industrial & Engineering 
Chemistry, 16(12), 1215-1220. 

Li, X. Z., Zhao, Q. L. & Hao, X. D. 1999. Ammonium removal from landfill leachate by chemical 
precipitation. Waste Management, 19(6), 409-415. 

Li, J., Wang, L., Lu, Q., and Zhou, W. (2019) ‘Toxicity alleviation for microalgae cultivation by 
cationic starch addition and ammonia stripping and study on the cost assessment’, RSC 
Advances, 9(65), pp. 38235–38245.  

Martinnen, S. K., Ketunnen, R. H., Sormunen, K. M., Soimasru, R. M. & Rintala, J. A. 2002. 
Screening of physical–chemical methods for removal of organic material, nitrogen and toxicity 
from low strength landfill leachates. Chemosphere, 46(6), 851-858. 

Mitchell, M. J., Jensen, O. E., Cliffe, K. A., and Maroto-Valer, M. M. (2010) ‘A model of carbon 
dioxide dissolution and mineral carbonation kinetics’, Proceedings of the Royal Society A: 
Mathematical, Physical and Engineering Sciences, 466(2117), pp. 1265–1290.  

Moraes, P. B. & Bertazolli, R. 2005. Electrodegradation of landfill leachate in a flow 
electrochemical reactor. Chemosphere, 58(1), 41-46. 

Nielsen, H. B., and Angelidaki, I. (2008) ‘Strategies for optimizing recovery of the biogas 
process following ammonia inhibition’, Bioresource Technology.  

Nugroho, W. A. (2021) Application of CO2 Microbubble to Enhance Methane Production in 
Anaerobic Digestion of Food Waste. University of Sheffield. 

Procházka, J., Dolejš, P., Máca, J., and Dohányos, M. (2012) ‘Stability and inhibition of 
anaerobic processes caused by insufficiency or excess of ammonia nitrogen’, Appl Microbiol 
Biotechnol, 93, pp. 439–447.  



Initial work on ammonia separation 

19 
 

Renou, S., Givaudin, J. G., Poulain, S., Dirassouyyan, F. & Moulin, P. 2008. Landfill leachate 
treatment: Review and opportunity. Journal of Hazardous Materials, 150(3), 468-493. 

Rybczynski, W. (1911). "Über die fortschreitende Bewegung einer flüssigen Kugel in einem 
zähen Medium". Bull. Acad. Sci. Cracovie, A. (in German): 40–46. 

Serna-Maza, A., Heaven, S., and Banks, C. J. (2017) ‘In situ biogas stripping of ammonia from 
a digester using a gas mixing system’, Environmental Technology, 38(24), pp. 3216–3224.  

Silva, A. C., Dezotti, M. & Santanna JR, G. L. 2004. Treatment and detoxification of a sanitary 
landfill leachate. Chemosphere, 55(2), 207-214. 

Singh, B., Szamosi, Z., and Siménfalvi, Z. (2020) ‘Impact of mixing intensity and duration on 
biogas production in an anaerobic digester: a review’, Critical Reviews in Biotechnology, 40(4), 
pp. 508–521.  

Smith, P. G. & Arab, F. K. 1988. The role of air bubbles in the desorption of ammonia from 
landfill leachates in high pH aerated lagoon. Water, Air, and Soil Pollution, 38(3-4), 333-343. 

Sosnowski, P., Wieczorek, A., and Ledakowicz, S. (2003) ‘Anaerobic co-digestion of sewage 
sludge and organic fraction of municipal solid wastes’, Advances in Environmental Research, 
7(3), pp. 609–616.  

Speight, J. G. 2005. Lange's Handbook of Chemistry, USA, McGraw-Hill Professional. 

Srinath, E. G. & Loehr, R. C. 1974. Ammonia Desorption by Diffused Aeration. Journal (Water 
Pollution Control Federation), 46(8), 1939-1957. 

Treybal, R. E. 1980. Gas Absorption. In: BROWN, J. V. & EICHBERG, M. (eds.) Mass-
Transfer Operations. New York: McGraw-Hill. 

Wittmann, C., Zeng, A. P., and Deckwer, W. D. (1995) ‘Growth inhibition by ammonia and use 
of a pH-controlled feeding strategy for the effective cultivation of Mycobacterium 
chlorophenolicum’, Applied Microbiology and Biotechnology, 44(3–4), pp. 519–525.  

Xiao, L., Yang, M., Hu, D., Mei, Y., Zhao, S., and Liang, Y. (2021) ‘Comparison of initial ph 
adjustment prior to thermophilic anaerobic digestion of lime-treated corn stover via liquid 
digestate or co2’, Applied Sciences (Switzerland), 11(22).  

Yang, D., Chen, Q., Liu, R., Song, L., Zhang, Y., and Dai, X. (2022) ‘Ammonia recovery from 
anaerobic digestate: state of the art, challenges and prospects’, Bioresource Technology 
(2022).  

Zwietering, M. H., Jongenburger, I., Rombouts, F. M., and Van’t Riet, K. (1990) ‘Modeling of 
the bacterial growth curve’, Applied and Environmental Microbiology, 56(6), pp. 1875–1881.  



 

 

If you need a version of this document in a more accessible format, please email 
alt.formats@energysecurity.gov.uk. Please tell us what format you need. It will help us if you 
say what assistive technology you use. 

mailto:alt.formats@energysecurity.gov.uk

	Contents
	Abstract
	Background
	Ammonia and Ammonium- basis for separation
	Mass Transfer Theory
	Fick’s Law of Diffusion
	Penetration Theory
	Film Penetration Theory
	Effects of Temperature and pH on ammonia removal


	Methods
	Chemical analysis
	Ammoniacal nitrogen concentration
	pH measurement
	UV- Vis Spectrophotometer


	Results and Discussions
	Conclusions
	References

