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A B S T R A C T   

Solid and liquid products can form in the gas phase of membrane contactors applied to reactive ternary systems 
for CO2 absorption, which poses a critical barrier for carbon capture applications. The mechanism initiating these 
unwanted phase changes in the gas phase is unclear. This study therefore systematically characterises CO2 ab
sorption in distinct regions of the vapour-liquid equilibrium (VLE) within an illustrative ternary system (CO2- 
NH3-H2O), to provide an explanation for the formation and mitigation of these solid and liquid products in the 
gas-phase. Unstable CO2 absorption and increased pressure drop indicated product formation within the gas- 
phase, which occurred at high CO2 capture ratios. Temporal analysis of gas-phase composition enabled gas- 
phase products to be related to the relative ternary composition. This was subsequently correlated to distinct 
regions of the VLE. Consequently, mitigation strategies can be developed with recognition for where products are 
least likely to form. Pressurisation was proposed to modify the relative gas-phase ammonia composition to 
reposition conditions within the VLE. The commensurate increase of CO2 into the solvent shifts the ammonia- 
ammonium equilibrium towards ammonium to indirectly reduce vapour pressure. This synergistic strategy al
lows sustained operation of membrane contactors for CO2 separation within reactive ternary systems which are 
critical to delivering carbon capture economically at scale.   

1. Introduction 

Hollow fibre membrane contactors (HFMC) are an emerging alter
native to packed columns for CO2 absorption due to their higher inter
facial area which lowers installed capacity (capital cost) and solvent 
requirements (separation energy) (Belaissaoui et al., 2016; Houlker 
et al., 2021). Chemical solvents have been studied in HFMC to facilitate 
higher CO2 absorption capacities and enhanced mass transfer (Khaisri 
et al., 2011, 2009; Scholes et al., 2015). Aqueous ammonia (NH3(aq)) has 
a CO2 capacity which is three times greater than amines, whilst also 
being cheaper, less corrosive and requiring less energy for regeneration 
(Chin Yeh and Hsunling, 1999; Jilvero et al., 2012; Mani et al., 2006). 
However, its higher volatility leads to greater ‘slip’ into the treated gas 
which has been linked to difficulties with achieving stable CO2 separa
tion in HFMC (Table 1) (Bavarella et al., 2022; Cui and DeMontigny, 
2017; Villeneuve et al., 2018a). Makhloufi et al. (2014) reported a 
decline in CO2 capture from 94 to 20 % vol during absorption using NH3 

(aq). The authors associated this with the visible precipitation of solids in 
the gas-side of the membrane, and this phenomenon has since been 
observed by others (Cui and DeMontigny, 2017; Makhloufi et al., 2014). 
The mechanism of solids formation was postulated to arise from a 
gas-phase CO2–NH3 reaction followed by deposition onto the membrane 
surface which modified the hydrophobicity sufficiently to initiate liquid 
breakthrough into the pore structure, as indicated by an increase in the 
membrane mass transfer resistance (Cui and deMontigny, 2017). The 
crystalline solid formed within the gas-phase was presumed to be 
ammonium bicarbonate using compositional analysis (Bavarella et al., 
2022). However, there is recognition that the reaction pathways are 
dependant on the conditions employed, leading to the possible forma
tion of several solid products which include ammonium carbamate 
(NH2COONH4) (Eq. (1)), ammonium carbonate ((NH4)2CO3H2O) (Eq. 
(2)) and ammonium bicarbonate (NH4HCO3) (Eq. (3)) (Mani et al., 
2006): 
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2NH3 + CO2 ↔ NH4
+ + NH2COO− ↔ NH2COONH4(s) (1)  

2NH3 + CO2 + 2H2O(l) ↔ 2NH4
+ + CO3

2− + H2O(l) ↔ (NH4)2CO3H2O(s)

(2)  

NH3 + CO2 + H2O(l) ↔ NH4
+ + HCO3

− ↔ NH4HCO3(s) (3) 

Gas-phase precipitation could be mitigated by lowering the ammonia 
vapour pressure through solvent chilling (Bavarella et al., 2022). 
Increasing CO2 loading of the solvent also reduced NH3 slip by shifting 
the ammonia-ammonium equilibrium toward non-volatile ammonium 
(Bavarella et al., 2022; Darde et al., 2010; Houlker, 2019). Villeneuve 
et al. (2018a) observed that raising humidity within the gas feed 
(comparable to industrial flue gases) diminished gas-phase precipitation 
but a concentrated ammonia solution was formed inside the fibre lumen 
(gas-side). Stable CO2 capture was nevertheless observed, and the liquid 
could be continuously drained from the lumen without contributing to 

pore wetting or introducing an increased resistance to mass transfer 
(Villeneuve et al., 2018a, 2018b). The authors proposed that solids 
formation occurred through gas-phase reactions between CO2, NH3 and 
water, which then dissociate to release gaseous components when the 
CO2 partial pressure lowers along the HFMC length (Villeneuve et al., 
2018a). The liquid product was suggested to be formed by over
saturation of the gas-phase, leading to the condensation of a concen
trated salt solution which exhibits an osmotic pressure sufficient to drive 
water from the solvent across the membrane into the gas-phase (Ville
neuve et al., 2018a). 

While a causal link has been established between the presence of an 
elevated ammonia vapour concentration and the development of both 
solid and liquid ammonia products within the gas-phase (Table 1), a 
method to predict the reaction mechanisms is yet unclear (Bavarella 
et al., 2022; Villeneuve et al., 2018a). Capture of CO2 by ammonia is 
illustrative of a ternary system comprising CO2–NH3–H2O. Many other 
ternary solvent systems are emerging for CO2 capture, where a wider 
series of complex and competing reactions may occur (Zhao et al., 
2023). In ternary systems, the relative fractions of the three components 
in the gas-phase will determine reaction kinetics and products (Sutter 
et al., 2015). The ternary vapour-liquid equilibrium (VLE) for CO2-N
H3-H2O (Darde, 2010; Thomsen and Rasmussen, 1999) has been 
resolved to accurately describe interaction between phases, and enables 
specific regions to be isolated where solid, liquid and vapour products 
could most likely form (Fig. 1) (Sutter et al., 2015). Since the gas phase 
in membrane contactors is typically within the lumen, membrane con
tactors can be considered as more sensitive to the formation of solid and 
liquid products than within conventional contacting processes, since the 
lumen for gas flow is typically only several hundred microns in diam
eter. Consequently, the aim of this study is to evidence the mechanisms 
that underpin gas-phase reactions in the CO2-NH3-H2O system by using 
the VLE for diagnostic characterisation. The outcome is intended to 
explain previous literature observations and provide a foundation on 
which to develop mitigation strategies for stable CO2 absorption in 
HFMC which has wider relevance for reactive ternary systems. 

2. Methodology 

This study employed a similar experimental set-up to previous work 
(Cui and deMontigny, 2017). An 8 % vol CO2 gas was fed 
counter-current into the HFMC lumen, with deionised (DI) water (15 
MΩ cm) or aqueous ammonia (1–3 molNH3 L−1) in the shell-side (6.5 ±
0.5 ⁰C). The system was operated at a fixed volumetric gas-liquid (G/L) 
ratio of 4.4. At the end of each experiment, a mass balance was con
ducted to determine ammonia transfer into the gas-phase. Four fractions 
were characterised: (i) the solvent; (ii) the liquid condensate (collected 
in a gas-liquid separator) (Villeneuve et al., 2018a); (iii) the gas-phase 

Table 1 
Literature summary for CO2 absorption using NH3(aq) in HFMC.  

Membrane CNH3 pH T pNH3 pH2O CO2 in Process Observations Source  

molNH3 L−1  ⁰C mbar mbar %vol instability   
PP 0.6–3.0 >11b 21 8–42 23–24 15 % Yes Gas-side solids formation Makhloufi et al. (2014) 
PTFE 3–5 11 25 51–85 29–30 50 % Yes Gas-side solids formation McLeod et al. (2015) 
PTFE 1.0–2.0 >11b 21 14–28 24 15 % Yes Gas-side solids formation and pore wetting Cui and DeMontigny (2017) 
PMP/PPa 3 >11b 10–40 23–101 12–69 15 % Yes Gas-side solids and liquid formation Villeneuve et al. (2018a) 
PP 3.3 13 20 45 21 50 % Yes Suspected pore wetting Houlker (2019) 
PP 3.3 9–13c 6 3–22 8 50 % No –  
PTFE 2.3–3.0 10 20 25–32 22 100 % Yes Gas-side solids and liquid formation Bavarella et al. (2022) 
PTFE 0.6 10 20 6 23 100 % No –  
PTFE 2.3 7.5–10c 20 1–25 22 100 % No –  
PTFE 3.0 7.5–10c 5 1–11 8 100 % No –  

CNH3 – solvent concentration; T – solvent temperature; pNH3 and pH2O – ammonia and water partial pressures in the gas-phase at equilibrium (Appendix A2); PP – 
polypropylene; PMP – polymethlypentene; PTFE – polytetrafluoroethylene. 

a Nonporous polymethlypentene skin (0.1 µm) on polypropylene matrix. 
b Solvent pH not reported - presumed to exceed pH 11 based on ammonia concentration. 
c Solvent pH declined over time due to recirculation and increased CO2 loading (Darde et al., 2010). 

Fig. 1. Ternary vapour-liquid-equilibrium for CO2-NH3-H2O based on the 
output of the extended UNIQUAC model at 10 ⁰C developed by Thomsen and 
Rasmussen (1999). S – solid; L – liquid; V – vapour; BC – ammonium bicar
bonate; SC – ammonium sesqui-carbonate; CB – ammonium carbonate; CM – 
ammonium carbamate. Annotations added using orange boxes and an orange 
arrow. Red-white shaded region could not be resolved within the model. 
Reproduced from Sutter et al. (2015) with permission from Elsevier Ltd. 
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outlet (captured in an acid trap); and (iv) the residual ammonia in the 
HFMC lumen (using an acid rinse). All experiments were conducted in 
triplicate. Full details of the methodology are available in Appendix A. 

3. Results and discussion 

3.1. NH3(aq) associated with chemical enhancement and process 
instability 

The absorption of CO2 by NH3(aq) was compared directly to DI water 
to evaluate the potential for chemical enhancement. When using DI 

Fig. 2. CO2 capture ratio and gas-side pressure drop using: (a) DI water; (b) 1 molNH3 L−1; and (c) 3 molNH3 L−1 solvents. Operating conditions: liquid flowrate, 0.25 
L min−1; liquid temperature, 6.5 ± 0.5 ⁰C; CO2 in feed gas, 8 % vol; feed gas flowrate, 1.1 L min−1; gas temperature, 21 ⁰C. 
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water, a consistent CO2 capture ratio of 35 % vol was established 
(Fig. 2). An NH3(aq) solvent (1 molNH3 L−1) initially increased the CO2 
capture ratio up to 92 % vol but was unstable, gradually achieving a 
pseudo steady-state value of 58 % vol toward 60 min, equivalent to 
chemical enhancement (Jchem/Jphys) of 1.7 (Appendix A2). A similar 
trend was observed for 3 molNH3 L−1, where following an initial peak in 
CO2 capture ratio of 89 % vol, CO2 capture became unstable, eventually 
reaching a pseudo steady-state value of 83 % vol (Jchem/Jphys, 2.4). The 
CO2 enhancement increased with solvent reactivity but the initial peak 
in CO2 capture ratio observed for both NH3(aq) solvents correlated to an 
increased pressure drop in the fibre of between 45 and 85 mbar and was 
coincident with liquid droplets at the gas-outlet (collected as condensate 
in the gas-liquid separator). Formation of solid or liquid products within 
the lumen will reduce the effective diameter, thereby increasing the 
pressure drop (Chan et al., 2020; Villeneuve et al., 2018a). Since the gas 
flowrate was fixed throughout, a reduction in the effective diameter will 
also increase the superficial gas velocity. This will restrict the time for 
CO2 to diffuse from the gas bulk to the liquid interface, and is consistent 
with the observed reduction and instability in mass transfer (Houlker, 
2019; Makhloufi et al., 2014). 

3.2. Condensate formation and composition evidences gas-phase reactions 

Over 60 min, a total of 2.5 and 7.9 g ammonia was transferred to the 
gas-phase from the 1 and 3 molNH3 L−1 solvents respectively (Fig. 3). The 
increase in ammonia transfer from the 3 molNH3 L−1 solvent is due to the 
higher ammonia vapour pressure (7 versus 21 mbar) (Appendix A2). 

Through sacrificial sampling, the ammonia identified within the lumen 
through acid extraction of the hollow-fibre indicated early formation of 
solid ammonium salts as evidenced in previous work (Bavarella et al., 
2022; Villeneuve et al., 2018a). However, the amount of ammonia 
located within the lumen did not change markedly over time. This 
reduced as a relative fraction of the total ammonia products as the 
system migrated toward the preferential formation of an ammonia-rich 
condensate. The final condensate produced from the 3 molNH3 L−1 sol
vent was 63.7 ml, around 80 % higher than recorded at 1 molNH3 L−1, 
despite comparable water vapour pressures for both solvents (~10 
mbar). We therefore propose that the intensification in water vapour 
mass transfer was driven by the increase in the solvent concentration 
and volatility, consistent with reaction pathways for ammonium salt 
formation (Eq. (1)–(3)) (Sutter et al., 2015). The sustained salt con
centration may therefore arise from the condensate partially dissolving 
solid products as suggested by previous researchers (Villeneuve et al., 
2018a), or from the composition favouring condensate formation. 

Ammonia concentration within the condensate was two to three 
times greater than in the solvent (Fig. 4). This is inconsistent with pre
vious proposals that liquid is present in the gas-side due to breakthrough 
following pore wetting (Bavarella et al., 2022; Cui and DeMontigny, 
2017) or water transfer promoted by an osmotic gradient (Villeneuve 
et al., 2018a) since both propositions would result in condensate con
centrations less than or equal to the solvent. It is also incompatible with 
physical condensation driven by the binary ammonia-water mixture, 
since the vapour composition (40–66 %wt ammonia) and gas-side 
conditions (21 ⁰C, 1.1 bar) are insufficient to facilitate a phase-change 

Fig. 3. Temporal analysis of ammonia transfer into the gas-side during experimentation with: (a) 1 molNH3 L−1; and (b) 3 molNH3 L−1 solvents. Ammonia was 
recovered from the lumen (via acid elution), condensate (collected in a gas-liquid separator), and the outlet gas (captured using an acid trap). Operating conditions: 
liquid flowrate, 0.25 L min−1; liquid temperature, 6.5 ± 0.5 ⁰C; CO2 in feed gas, 8 % vol; feed gas flowrate, 1.1 L min−1; gas temperature, 21⁰C. 
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(Pátek and Klomfar, 1995) (Appendix A2). For both solvents, ammo
nium concentration in the liquid did not consistently exceed 1.7 
molNH4+ L−1 required to precipitate NH4HCO3, which is the least soluble 
of the ammonium salts under these conditions (Eq. (3)) (Bates and 
Pinching, 1950; Mani et al., 2006). This confirmed that the liquid would 
have the capacity to dissolve crystallised salts and capture ammonia 
from the lumen over time as observed in this study (Fig. 3). Ammonia 
collected from the gas outlet (using an acid-trap) was in close agreement 
with the ‘slip’ expected at equilibrium (Fig. 5). Consequently, this 

indicates that despite considerable ammonia fractionation into the solid 
and liquid products within the lumen, equilibrium was re-established 
along the fibre length according to Le Châtelier’s principle. Hence, 
ammonia and water vapour will be continuously drawn across the 
membrane to sustain the formation of unwanted solid and liquid prod
ucts in the gas-phase, the rate of which will be dependant on the solvent 
ammonia vapour pressure. 

Fig. 4. Composition of condensate collected at the gas-outlet using a gas-liquid separator for: (a) 1 molNH3 L−1; and (b) 3 molNH3 L−1. Operating conditions: liquid 
flowrate, 0.25 L min−1; liquid temperature, 6.5 ± 0.5 ⁰C; CO2 in feed gas, 8 % vol; feed gas flowrate, 1.1 L min−1; gas temperature, 21 ⁰C. Dotted lines indicated 
NH4HCO3 solubility at 21 ⁰C (O’Neil, 2006; Perry and Green, 2007). 
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3.3. High CO2 capture can trigger gas-phase reactions in the ternary 
system 

During operation of microporous membranes, the saturation for 
ammonia and water may be quickly established at the lumen inlet. 
Consequently, conditions for NH3-water condensation can occur soon 
after, resulting in a shift equilibrium vapour pressure that will encourage 
further transfer of water and ammonia which can lead to subsequent 
product formation, particularly when operating at low gas velocities 
(0.04 m s−1) (Chan et al., 2020; Gabelman and Hwang, 1999). Ab
sorption of CO2 across the fibre length reduced the CO2 fraction and 
lowered the overall gas volume (Fig. 6), shifting the gas-phase compo
sition within the ternary system. This will impact the fugacity of each 
gaseous component and the activity coefficients associated with each of 
the potential aqueous species, therefore determining the preferential 
reaction sequence as described by the VLE (Darde et al., 2010; Sutter 
et al., 2015). This is the basis of urea production, which fosters the 
conditions for the gas-phase interaction of CO2 and NH3 in the presence 
of water to form a highly concentrated aqueous solution based upon 
NH3COONH4 (Verbrugge, 1979). When using 1 molNH3 L−1, the initial 
gas-phase composition (prior to CO2 separation) is in a region of the VLE 
where components can exist in vapour, liquid or solid phases (Fig. 1: a1). 
Without the external energy required to initiate a phase-change, the 
components can be expected to transit through the lumen as a vapour 
mixture. However, the early peak in CO2 capture (92 % vol) reduced the 
CO2 mass fraction, shifting the system into a thermodynamic region 
where only liquid and solid reaction products (NH4HCO3) are viable 
(Figs. 1: a2; 7). This corresponded with the sudden increase in pressure 
drop and the observation of liquid at the outlet. Since the relative water 
fraction in the gas-phase at this condition (xH2O=0.3) was slightly 
greater than required for solid NH4HCO3 precipitation, the VLE predicts 
a concentrated aqueous solution to be the primary product which is 
consistent with analysis of the liquid composition (Fig. 4). The 3 molNH3 
L−1 solvent exhibited a higher ammonia vapour pressure, leading to an 
initial gas-side composition which was richer in ammonia (Fig. 7b). 
Consequently, a lower CO2 capture threshold (86 % vol) was necessary 
to transition the system into a region of the VLE where liquid and solid 
reaction products are predicted to form (Fig. 1: b2). This is corroborated 
by the lower peak in CO2 capture (88 % vol) for this solvent, despite its 

higher reactivity, prior to observation of liquid at the gas outlet (Fig. 2c). 
The associated salts were (NH4)2CO3H2O and NH2COONH4 which are 
highly soluble (>32 g L−1), and so minimal deposition in the lumen was 
expected as observed throughout the experiment (Fig. 3b) (Mani et al., 
2006). 

4. Proposed mitigation strategies 

This study has identified the probable mechanism underpinning the 
formation of liquid and solid products that disrupt CO2 absorption by 
NH3(aq) in HFMC. It is proposed that two pre-conditions must be met to 
initiate reactions: (i) ammonia and water vapour must be present 
alongside CO2 in the gas-phase, and (ii) the gas-phase composition must 
exceed a system specific threshold necessary to promote the formation of 
liquid and solid reaction products (Fig. 1). Previous researchers have 
targeted the first pre-condition by lowering ammonia vapour pressure to 
reduce the extent of gas-phase reactions (Table 1) (Bavarella et al., 2022; 
Houlker, 2019). This can be achieved by solvent chilling and high CO2 
loading (Bavarella et al., 2022; Darde et al., 2010) both of which are 
complimentary to the chilled ammonia process where NH4HCO3 pre
cipitation is mediated within the solvent to reduce the equipment size 
and energy demand related to regeneration (Milella et al., 2018; Sutter 
et al., 2017). However, some ‘slip’ is inevitable in practice, particularly 
since highly reactive, concentrated solvents are necessary to favour 
process intensification and economics (Augustsson et al., 2017). This 
work highlights the relevant role of the ternary VLE phase diagram as a 
diagnostic tool to identify compositions which set the second 
pre-condition for gas-phase reactions and can therefore better inform 
mitigation strategies. For example, pressurisation will increase CO2 
concentration in the gas-phase and since ‘slip’ is independent of pres
sure, this will lower the relative amount of ammonia (and water) in the 
gas-phase at equilibrium (Fig. 8) (Fang et al., 2015). Pressurisation will 
therefore shift the system towards the CO2-rich region in the ternary VLE 
(Fig. 1: c1) where formation of gas and liquid products cannot proceed 
via gas-phase reactions even under high CO2 capture ratios. Since 
commercial CO2 absorption columns operate under pressurised condi
tions (4–10 bar) for process intensification (Angelidaki et al., 2018), 
pressurisation offers a strategy to improve stability whilst intensifying 
mass transfer and increasing the commercial competitiveness of HFMC 

Fig. 5. Ammonia transfer at the gas outlet (captured using an acid trap) over time when using aqueous ammonia solvents. Operating conditions: liquid flowrate, 0.25 
L min−1; liquid temperature, 6.5 ± 0.5 ⁰C; CO2 in feed gas, 8 % vol; feed gas flowrate, 1.1 L min−1; gas temperature, 21 ⁰C. Dotted lines represent ammonia slip over 
time at gas-liquid equilibrium estimated using Henry’s Law (Appendix A2). 
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for reactive CO2 absorption in ternary systems. The probability for the 
formation of gas phase products maybe higher within discrete locations 
of the lumen due to the transient concentration gradients that exist. 
Consequently, the modelling of localised mass transfer effects that can 
take consideration of the VLE, may be beneficial to the scale-up of 
membrane contactors for CO2 separations using ternary systems. 
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