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Abstract
Among the various technologies for the removal and recovery of chemicals from gaseous streams, the membrane condenser 
(MCo) is proposed and analyzed in this work. In particular, the case of MCo used for the recovery of ammonia at minimum 
energy consumption is reported. For reaching this aim, three different MCo configurations have been proposed and com-
pared. They differ in the way cooling is achieved: in configuration 1, the feed is cooled via cooling water before entering the 
membrane module; in configuration 2, a cold sweeping gas cools the feed stream directly inside the membrane module; in 
configuration 3, the feed is first partially cooled via an external medium and then a sweeping gas is used for the final cooling 
of the stream. The achieved results indicate configuration 2, among the three different proposed schemes, the one allowing 
to minimize energy consumption while permitting good water and chemicals recovery.

Keywords Membrane condenser · Ammonia recovery · Water recovery from waste gas

Introduction

Ammonia is a harmful pollutant that is commonly pro-
duced in livestock facilities due to the breakdown of animal 
waste. Undigested feed protein and wasted feed are addi-
tional sources of ammonia in livestock systems. Many other 
sources may emit  NH3 with a wide range of concentration, 
such as integrated coal gasification combined cycle power 
generation systems, landfills for waste disposal, crematory, 
chemical and manufacturing industries (Kim et al. 2007), 
and wastewater treatment plants (Hasegawa and Sato 1998; 
Wiwut et al. 2004; Xia et al. 2008). Ammonia is a color-less, 

toxic, reactive and corrosive gas with a very sharp odor. 
The odor threshold for ammonia is between 5 and 20 ppm, 
and ammonia is regulated based on both unpleasant odor 
and health-related concerns (Sakuma et al. 2008). Emission 
of  NH3 without appropriate treatment is causing frequent 
complaints from neighboring communities. Breathing lev-
els of 50–100 ppm ammonia in the air can give rise to eye, 
throat and nose irritation. Moreover, nitrogen losses from 
composting material normally imply poor agronomical qual-
ity of the final compost and causes environmental pollu-
tion problems, such as acid rain (Buijsman et al. 1987; La 
Pagans et al. 2005). Ammonia emissions in a composting 
process of organic fraction of municipal solid wastes vary 
between 18 and 150  gNH3  Mg−1 waste (Clemens and Cuhls 
2003), while ammonia concentrations up to 700  mgNH3  m−3 
have been reported in exhaust gases from sludge compost-
ing (Haug 1993). To control malodor and protect the health 
of people working on animal farms and in the industries 
that use ammonia in their processes, waste gases containing 
ammonia are required to be treated in an efficient and viable 
process.

Another aspect to be considered is that ammonia dissolves 
easily in water. In water, most of the ammonia changes to 
ammonium, which is not a gas and does not smell. Ammonia 
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and ammonium can change back and forth in the water. In 
wells, rivers, lakes and wet soils, the ammonium form is the 
most common. People can taste ammonia in water at levels 
of about 35 ppm. Lower levels than this occur naturally in 
food and water.

Traditional strategies for reducing ammonia emissions 
from animal facilities and other sources include preventing 
ammonia formation and volatilization and controlling the 
transmission of ammonia. These strategies include the use 
of filtration systems (and/or biofiltration), impermeable and 
semi-permeable barriers, and dietary manipulation. Other 
conventional methods for  NH3 removal from gas streams 
include absorption (wet scrubbing), adsorption and incin-
eration (either thermal or catalytic) (Chang and Tseng 
1996). Nevertheless, all these methods may have techni-
cal and/or economic limitations. In the last three decades, 
the applications of biological techniques increased because 
these techniques can overcome the operational limitations 
associated with the physicochemical treatment processes of 
waste air streams. Their main advantages are high ammonia 
removal, simplicity and low operation and maintenance costs 
(compared to physicochemical processes). Various studies 
confirm the ability of biofilters in the removal of ammonia 
from waste gas (Hort et al. 2009; Jun and Wenfeng 2009; 
Kim et al. 2000, 2007; La Pagans et al. 2005; Malhautier 
et al. 2003; Yasuda et al. 2009) from below 1 to around 
61 g  NH3  m−3  h−1 (Moussavi et al. 2011). Despite the above-
described advantages, the use of biofilters is constrained by 
some critical barriers. The most important drawbacks of bio-
filtration technology are the accumulation of contaminant 
degradation metabolites in the bed and thereby inhibiting 
the metabolic activity of the microorganisms. Furthermore, 
high pressure drops through the bed due to the growth and 
accumulation of biomass and degradation of media, and the 
large land area required to compensate for slow biodegra-
dation, make this process expensive and uncompetitive. In 
addition, tracking the fate of ammonia removed is very com-
plex and difficult.

On the other hand, ammonia has various uses so that 
global industrial production in 2018 was 175 million tonnes 
(Mineral Commodity Summaries 2020). Among the main 
uses of ammonia, the following are particularly worthy of 
note:

• as fertilizer: In the US as of 2019, approximately 88% of 
ammonia was used as fertilizers either as its salts, solu-
tions or anhydrously. When applied to soil, it helps pro-
vide increased yields of crops such as maize and wheat. 
30% of agricultural nitrogen applied in the US is in the 
form of anhydrous ammonia and worldwide 110 million 
tonnes are applied each year:

• as precursor to nitrogenous compounds;
• as cleaner;

• in the fermentation;
• as antimicrobial agent for food products.

Further, minor and emerging uses of ammonia are in the 
refrigeration, as a fuel, in textile (for treatment of cotton 
materials), as lifting gas, in the woodworking.

Objective of the present work is to consider membrane 
condenser (MCo) technology in order to remove ammonia 
from waste gaseous streams and, at the same time, to recover 
it in the liquid retentate stream. A modelling and simula-
tion technique followed by experimental validation tests was 
adopted to predict the process performance of the membrane 
condenser (MCo) system in terms of water and ammonia 
recovery and specific energy consumption for three different 
MCo system configurations. The latter were analyzed with 
the aim to determine the one more energetically efficient to 
perform the desired ammonia recovery.

The working principle of MCo consists in condensing 
and recovering the water and the other condensable com-
pounds contained in a gaseous stream on the retentate side of 
a membrane module, by exploiting the hydrophobic nature 
of the membrane (Macedonio et al. 2013, 2017, 2020). Due 
to the properties of the membrane, humidity and condensa-
bles of the feed are condensed and collected at the retentate 
side of the membrane, while the partially dehydrated gase-
ous stream passes to the permeate side (Fig. 1). Upstream to 
the membrane condenser contact surface, a transformation 
of the feed gas stream (e.g., by cooling) should be applied 
in order to reach a supersaturated state thus improving the 
amount of water that can be collected. On the retentate side, 
the compounds soluble in water will be retained in the col-
lected liquid water as well (Macedonio et al. 2020). On the 
contrary, the permeate is a stream containing the gaseous 
compounds and the water molecules that have remained in 
the vapor phase and have passed through the pores of the 
membrane. Therefore, the MCo technology is not only lim-
ited to water recovery from humid waste gaseous streams, 
but also other main benefits can be achieved which include 
mitigation of the negative environmental impacts of waste 
gaseous streams containing hazardous air pollutants above 
permissible levels (such as ammonia) and, at the same time, 
their recovery in the liquid phase for their potential reuse.

The main advantages in using MCo compared to more 
widespread and traditional technologies are the following:

• The high simplicity and flexibility of the process whose 
operative conditions might be easily changed and adapted 
to the characteristics of the fed waste gaseous stream and/
or to the amount of chemicals be recovered. For exam-
ple, it will be shown that the amount of ammonia to be 
recovered can be increased by reducing the temperature 
of the membrane module feed. Moreover, in a MCo unit, 
the modulation of contact time between saturated stream 
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and membrane, as well as the control of temperature and/
or pressure difference between membrane sides, allow 
controlling the fraction of components present in the feed 
gaseous stream that will be retained in the condensed 
water.

• Small footprint because a MCo process is compact and 
estate saving. The available area between the retentate 
and permeate streams of a hollow fiber membrane mod-
ule (as the one used in this work) is very large: the spe-
cific area with a fiber of  10–3 mm inner diameter is about 
 104  m2/m3 (Curcio et al. 2001), which offers the possibil-
ity of creating a compact device with a high geometrical 
surface enclosed in a small volume.

• High chemical resistance because the membranes can 
be fabricated from almost any chemically resistant 
polymers with hydrophobic intrinsic properties (such 
as polypropylene, polytetrafluoroethylene and polyvi-
nylidenefluoride). As in all other membrane contactor 
processes, the membrane in MCo operation does not act 
as a sieve and does not react electrochemically with the 
feed stream.

• The MCo process offers the simultaneous recovery of 
water and condensable chemicals.

• Furthermore, remote control and easy automatic opera-
tions are other important characteristics of MCo process.

Membrane condenser description

The description of membrane condenser as a new unit opera-
tion for the recovery of evaporated waste water can be found 
in (Macedonio et al. 2013, 2014). Briefly, the feed stream 

(e.g., the waste gaseous stream) at a certain temperature is 
fed to the membrane module kept at a lower temperature for 
cooling the gas up to a supersaturation state. The water con-
denses in the membrane module and on the membrane sur-
face where hydrophobic membranes are utilized to perform 
the separation (Fig. 1). The hydrophobic nature of the mem-
branes not only avoids water droplets dragging, but also pro-
motes vapor condensation exploiting the principle of drop-
wise condensation where, when condensation takes place 
on a surface that is not wet by the condensate, water beads 
up into droplets and rolls off the surface. Water vapor pref-
erentially condenses on solid surfaces rather than directly 
from the vapor because of the reduced activation energy of 
heterogeneous nucleation in comparison with homogeneous 
nucleation (Enright et al. 2012; Kashchiev 2000).

In the two following sections, the model developed for 
simulating the MCo process and various possible MCo con-
figurations are described.

Membrane condenser model

In previous researches (Macedonio et al. 2013, 2014, 2020), 
simulation studies of the MCo process were carried out for 
predicting the membrane-based process performances (in 
terms of water recovery, energy consumption and liquid 
water concentration), and a plant in laboratory scale was 
built to verify the results achieved by the simulation analy-
sis. Then, three different possible MCo configurations were 
compared in terms of amount of recovered liquid water and 
energy consumption (Macedonio et al. 2017).

In the present paper, the modeling and simulation of 
MCo process was developed in order to predict the process 

Fig. 1  Membrane condenser 
principle (Macedonio et al. 
2017)
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performance also in terms of liquid water concentration in 
the three configurations announced in (Macedonio et al. 
2017). The general objective was to identify a MCo design 
that would allow to have the best compromise not only in 
terms of process energy consumption and quantity of recov-
ered water, but also as regards water concentration.

In particular, input values for the simulations are the mor-
phological parameters of the membranes, the geometrical 
parameters of the modules and the properties (composition, 
flow rate, temperature and pressure) of the feed and cold 
medium (cold water and/or sweeping gas).

The values related to the feed are used for the calculation 
of the vapor pressure, relative humidity (RH) and dew point 
of the stream. Then, known the desired pressure for the flow 
gas at the entrance of the membrane condenser  (PCondenser), 
the temperature, relative humidity and dew point of the 
waste gas at the exit of an eventual blower (required for com-
pressing the feed gas before its entrance in the condenser) 
are calculated together with the power needed to drive the 
compression. The latter is estimated as follows:

where k is the specific heat ratio (cp/cv) of the feed, Fv is the 
volume flow rate of the feed gas at compressor inlet condi-
tions,  PFeed is the feed pressure.

Afterward, the temperature  (TCondenser) at the inlet of the 
condenser is calculated iteratively together with the physico-
chemical properties of the waste gas and the supersaturation 
degree.

At the temperature  TCondenser, the flow rate of water vapor 
higher than the saturation limit condenses, and the amount 
of water that can be recovered from the feed is calculated 
accordingly to the following equation:

where FFeed
H2O

 is the molar flow rate [mol  s−1] of water in the 
feed, FFeed is the total molar flow rate, PH2O

 is the partial 
pressure of water at the temperature  TCondenser, and  AMembrane 
is the membrane area.

The non-condensed water that still remains in the gas 
phase permeates through the membrane; it is considered by 
J
Permeating

H2O
 , which is the water vapor flux through the 

membrane.
J
Permeating

H2O
 was calculated utilizing the reduced Knudsen 

molecular diffusion transition form of the Dusty-gas model:
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with Knudsen diffusivity calculated as:

and the value of the quantity PDwater-air for water–air system 
is given by (Al-Odaidani et al. 2008; Bird et al. 1960; Law-
son and Lloyd 1997):

where

• ΔP is the water partial pressure difference through both 
membrane surfaces (i.e. it is the driving force to mass 
transfer in the proposed process), [Pa]

• r is the membrane pore radius, [m]
• ε is the membrane porosity, [-]
• τ is the membrane tortuosity, [-]
• δ is the membrane thickness, [µm]
• R is the gas constant, [J  kmol−1  K−1]
• T is temperature of the module, [K]

The concentration of ammonia dissolved in the liquid 
water and recovered on retentate side c has been estimated 
through the following:

where moliNH3,FEED
 indicates the number of moles of 

 NH3 in the feed (i.e. in the waste gaseous stream), and 
moliNH3,OUT, perm

 the number of moles of  NH3 in the 
permeate.

The concentration c of ammonia in the retentate of the 
membrane condenser (i.e. in the flow of liquid leaving 
the process) is strictly influenced by the temperature in 
accordance with the following Henry’s law:

where PNH3
(T) and HNH3

(T) are the partial pressure and the 
Henry’s law solubility constant of ammonia, respectively. 
The dependence of Henry’s constant on temperature is 
described with the following van’t Hoff equation:
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where ΔsolHNH3
 and H0

NH3
 are the enthalpy of dissolution and 

Henry’s law constant of ammonia at standard condition  T0 
(i.e. 298.15 K), respectively. Therefore, it is expected that c 
rises when the membrane module temperature (T) decreases.

Membrane condenser configurations

The fed gaseous stream has to be cooled either before enter-
ing or inside the membrane module. Three different MCo 
configurations have been studied, modeled and compared for 
individuating the one allowing to achieve the best compro-
mise between energy consumption, amount and concentra-
tion of the recovered water. The three configurations differ 
in the way the feed is cooled (Fig. 2): in configuration 1, 
the feed is cooled via cooling water using a heat exchanger 
before entering the membrane module; in configuration 2, 
a cold sweeping gas cools the feed stream inside the mem-
brane module through blowing the cold sweeping gas on the 
permeate side; in configuration 3, the feed is first partially 
cooled via an external medium, and then a sweeping gas is 
used for the final cooling of the stream. In configurations 2 
and 3, the ratio between its flow rate and the feed flow rate 
is defined as the sweeping factor, I:

The algorithm considers either cooling water (when 
the fed gaseous stream has to be totally or partially cooled 
before entering the membrane module—configuration 1 
and 3, respectively) or a cold sweeping gas (when the fed 
gaseous stream has to be totally or partially cooled inside 
the membrane module—configuration 2 and 3) as coolant 
medium.

In the case of cooling water, in this work, the algorithm 
considers a stream available at 32.2 °C and being returned 
at 40.0 °C, and it calculates the required cooling water flow 
rate, the area for heat exchange, the heat duty needed to 
cool the gaseous stream and to condense water vapor, the 
temperature of the gaseous stream at the exit of the heat 
exchanger together with the physicochemical properties of 
the gas and the supersaturation degree.

In the case of a cold sweeping gas, the algorithm sup-
poses to utilize air at 20 °C and calculates the required 
parameters as stated above and also the power required to 
push the sweeping gas thus overcoming the pressure losses 
along the pipes and the membrane module. In both cases, 
counter-flow configurations (i.e. the fluids entering from 
opposite ends) were chosen since more efficient than paral-
lel-flow configuration.

I =
cold sweeping gas flow rate

feed waste gas flow rate

Experiments for model validation

A specifically designed and fabricated MCo experimental 
system was used for validating the model and verifying its 
capability to predict the quantity and concentration of water 
recovered under various operating conditions. The descrip-
tion of the MCo system can be found elsewhere (Macedo-
nio et al. 2020). Briefly, the MCo system allows controlling 
the composition and flow rate of the humid gaseous stream 
fed to the membrane module, and it is equipped with all 
necessary sensors and instrumentation for data collection 
and storage. Microporous hydrophobic polypropylene com-
mercial membranes are assembled in the module (made in 
stainless steel) by only one fixed end for an active membrane 
area of about 258  cm2. According to manufacturer’s data 
(Membrana), each membrane used (3 M™ Capillary Mem-
brane MF-PP Series, Type S6/2) has inner diameter equal 

Fig. 2  Schemes of the MCo configurations
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to 1.8 mm, wall thickness of 450 μm and nominal pore size 
of 0.20 μm.

Table 1 summarizes the operating conditions used in the 
experiments.

The comparison between the results obtained through the 
simulations and those of the experimental measurements is 
shown in Fig. 3. The lines are referred to the simulations, 
the points to the experimental measurements. It can be 
appreciated the good agreement between theoretical and 
experimental results, both for water recovery and ammonia 
concentrations.

In the experiments as well as in the simulation, ΔT indi-
cates the temperature difference between the feed and the 
membrane module, and the increase in ΔT shown in Figs. 3, 
4, 5, 6, 8 and 9 is due to the reduction in the membrane 
module temperature (while the temperature of the feed is 
kept constant). It can be observed that as ΔT grows, both the 
saturation and the solubility of ammonia in the liquid water 
increase and, as a consequence, water recovery and ammonia 
concentration increase, too (Fig. 3).

Comparison among the various membrane 
condenser configurations

Figure 4 shows water recovery and energy consumption for 
configuration 1. It can be observed that while water recovery 
increases with growing ΔT, energy consumption decreases 
initially at a higher rate, then it follows an almost constant 
value in the analyzed range of ΔT (from 1 to 4 °C). The 
detected trend has to be ascribed to the analyzed reduced 
ΔT and to the fact that energy consumption is expressed 
with respect to the amount of recovered liquid water, which 
increases with ΔT.

The disadvantage of configuration number 1 is linked 
to the medium utilized for cooling the feed, in particular 
when its temperature is low. The use of cooling water or 
surrounding air as a coolant medium is common in many 
conventional condensers. However, 5 °C is the approach-
ing ΔT in industrial plants. This implies that the amount of 
recovered water and the power needed to drive the process 
can be computed until when the temperature of the waste 
gas at the exit of the condenser is 5 °C higher than (or no 
more than equal to) the temperature of the discharged cool-
ing water (which can be at most 40 °C). Therefore, since the 
temperature of the feed is 45 °C, the maximum ΔT is 4 °C. 
(This implies that the temperature of the waste gas at the exit 
of the condenser is 41 °C.)

Comparing the trend of recovered water and concentra-
tion with ΔT in configuration 1 (Fig. 5), higher is the ΔT, 

Table 1  Operative conditions utilized in the experimental tests

Relative humidity, % From 98.0 to 103.8
Feed temperature, °C From 34.9 to 35.3
Feed flow rate/membrane area = Q/A, m  h−1 2.7
ΔT, °C From 2.5 to 11.6
NH3 concentration in the feed, ppm 552

Fig. 3  Recovered water and concentration versus ΔT. Symbols: 
experimental results; lines: simulation results. (Experimental con-
ditions: 98.0% ≤  RHFeed ≤ 103.8%; 34.9  °C ≤  TFeed ≤ 35.3  °C; 

2.5  °C ≤ ΔT ≤ 11.6  °C;  NH3,Feed = 522  ppm; Q/A = 2.7  m/h. Model: 
98.0% ≤  RHFeed ≤ 103%;  TFeed = 35.1  °C;  NH3,Feed = 522  ppm; 
Q/A = 2.7 m/h)
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higher is the water recovery, as well as higher is  NH3 con-
centration in liquid water at minimum energy consumption 
(per  m3 of recovered water—Fig. 4).

As shown in Fig. 6, water recovery and energy consump-
tion for configuration 2 (i.e. with a cold sweeping gas cool-
ing the feed stream directly inside the membrane module) 
are reported. As in the previous case, the values reported 

Fig. 4  Recovered water and energy consumption versus ΔT for configuration 1. Feed temperature = 45 °C; RH feed = 100%

Fig. 5  Recovered water and ammonia concentration (c) versus ΔT for configuration 1. Feed temperature = 45 °C; RH feed = 100%
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Fig. 6  a Recovered water versus feed cooling gradient (ΔT) for configuration 1 and configuration 2 (I = 3) and b energy consumption for con-
figuration 2 (I = 3). (Feed temperature = 45 °C; RH feed = 100%)



Applied Water Science (2022) 12:90 

1 3

Page 9 of 15 90

Fig. 7  Comparison of temperature and energy consumption for configuration 1 and 2. Feed temperature = 45 °C; RH feed = 100%
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Fig. 8  Ammonia concentration in recovered water as a function of feed cooling gradient (ΔT) and sweeping factor (I) for configuration 2. (Feed 
temperature = 45 °C; RH feed = 100%)

Fig. 9  Recovered water versus ΔT in configuration 3 and configuration 2 at I = 5 at increasing ΔText (the latter indicated as DText in the legend 
of the figure). Feed temperature = 45 °C; RH feed = 100%
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refer to a feed at 45 °C and RH = 100%, and supposing to 
utilize air at 20 °C as cold sweeping gas. In this case, the 
maximum water recovery is 22.7% if the air flow rate is 

3 times that of feed (I = sweeping factor = 3). Higher recov-
ery cannot be obtained because the temperature difference 

Fig. 10  Temperature versus recovered water in configuration 3 at increasing ΔText (the latter indicated as DText in the legend of the figures): a 
I = 5; b I = 10. Feed temperature = 45 °C; RH feed = 100%



 Applied Water Science (2022) 12:90

1 3

90 Page 12 of 15

between the sweeping gas and the feed is not sufficient to 
achieve the condensation (Fig. 6b).

The results of the simulations indicated that in configura-
tion 2, a higher water recovery (Fig. 7a) and lower energy 
consumption (Fig. 7b) can be achieved with respect to con-
figuration 1.

Moreover, by increasing the sweeping factor I, the water 
recovery (Fig. 7a) and the maximum  NH3 concentration 
(Fig. 8) increase. Finally, the comparison between Fig. 5 
and Fig. 8 indicates that configuration 2 allows to recover a 
higher amount of NH3 than configuration 1 (about 38 ppm 
vs. about 27 ppm).

Configuration 3 (the one in which the feed is first partially 
cooled via an external medium and a sweeping gas is used 
for the final cooling of the stream), was analyzed considering 
an external cooling (ΔText) from 0 to 4 °C and sweeping gas 
flow rate (for the internal cooling) in a range of sweeping 
factors from 1 to 10.

The patterns shown in Fig. 9 indicate that in configuration 
3, a higher amount of water can be recovered compared to 
configuration 2. Moreover, at a constant I, water recovery 
increases with the increase in ΔText (Fig. 9), while for the 
same ΔText, water recovery increases with the increase in I 
(Fig. 10a, b).

The comparison of the three analyzed configurations in 
terms of energy consumption and concentration is shown 
in Figs.  11 and 12. Considering feed gas at 45  °C and 
RH = 100%, and air at 20 °C as cold sweeping gas (only 
for configurations 2 and 3), the highest energy consumption 

is in configuration 1, while the lowest is in configuration 2 
(Fig. 11).

For what concerns water recovery, the highest amount 
of liquid water can be obtained utilizing configuration 3 
(with ΔText = 4 °C and I = 10) whose energy consumption 
(310kWh/m3

recovered water) is in between configurations 1 and 
2 (Fig. 11). Moreover, increasing I (Fig. 12), the  NH3 con-
centration in the recovered liquid water will increase, too.

A comparison among the three different configurations 
in terms of water recovery, ammonia concentration and 
energy consumption is shown in Fig. 13. The compari-
son was made only at the conditions allowing to obtain 
the highest water recovery and ammonia concentration 
for each configuration. As it can be seen, the maximum 
amount of water recovery (50.1%) and ammonia concen-
tration (40.5 ppm) can be obtained utilizing configura-
tion 3 (with ΔText = 4  °C) whose energy consumption 
(310kWk/m3

produced water) is in between configuration 1 
and configuration 2. However, configuration 2 is the one 
allowing to achieve the best compromise between energy 
consumption, water recovery and ammonia concentra-
tion. (Because with a 4.5% and 4.4% reduction in water 
recovery and ammonia concentration, respectively, the 
advantage due to the reduction in energy consumption is 
considerable).

Fig. 11  Energy consumption in configuration 3 versus configuration 1 and 2 at increasing ΔText (the latter indicated as DText in the legend of the 
figure). Feed: RH = 100%, T = 45 °C, I = 10
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Conclusions

In the present manuscript, the ability of the membrane 
condenser to recover ammonia from gas streams, with low 
energy consumption, has been analyzed. For achieving this 

objective, three different possible membrane condenser 
configurations were considered: the fed gas was cooled 
via cooling water before entering the membrane module 
in configuration 1; cooling via a cold sweeping gas in 
the membrane module was utilized in configuration 2; a 

Fig. 12  Variation of ammonia concentration in water recovered for configuration 3 at increasing ΔText (the latter indicated as DText in the legend 
of the figures) and at a I = 5 and b I = 10. (Feed: RH = 100%, T = 45 °C)
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combination of the first two cooling media was considered 
in configuration 3 (i.e. the fed waste gas is first partially 
cooled via an external medium and then a sweeping gas is 
used for the final cooling of the stream).

The process was analyzed both theoretically and experi-
mentally. The carried out experiments allowed to validate 
the model, while the latter permitted to find the best con-
figuration in terms of process energy consumption, quan-
tity and concentration of the recovered water.

In the experiments as well as in the simulation, ΔT indi-
cates the temperature difference between the feed and the 
membrane module. It was observed that as ΔT increases 
(keeping the temperature of the feed constant and reducing 
the temperature of the membrane module), both the satu-
ration and the solubility of ammonia in the liquid water 
increase. Therefore, the results of the performed analyses 

Fig. 13  Comparison among the three different configurations in terms of water recovery and a concentration, b energy consumption
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showed that water recovery and ammonia concentration 
increased with the increase in ΔT.

As regards the different configurations studied, the 
achieved results indicated configuration 2, among the 
three different proposed schemes, the one that allows to 
minimize energy consumption while permitting a good 
recovery of water and chemicals.
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