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A B S T R A C T   

Solids formation can substanitally reduce the energy penalty for ammonia solvent regeneration in carbon capture 
and storage (CCS), but has been demonstrated in the literature to be difficult to control. This study examines the 
use of hollow fibre membrane contactors, as this indirect contact mediated between liquid and gas phases in this 
geometry could improve the regulation of solids formation. Under conditions comparable to existing literature, 
NH4HCO3 was evidenced to primarily crystallise in the gas-phase (lumen-side of the membrane) due to the high 
vapour pressure of ammonia, which promotes gaseous transmission from the solvent. Investigation of solvent 
reactivity demonstrated how equilibria dependent reactions controlled the onset of NH4HCO3 nucleation in the 
solvent, and limited ‘slip’ through transfomation of ammonia into its protonated form which occurs prior to the 
phase change. Crystallisation in the solvent was also dependent upon ammonia concentration, where sufficient 
supersaturation must develop to overcome the activation energy for nucleation. However, this has to be com
plemented with a reduction in solvent temperature to offset vapour pressure and limit the risk of gas-phase 
crystallisation. While changes to the solvent chemistry were sufficient to shift from gas-phase to liquid phase 
crystallisation, wetting was observed immediately after nucleation in the solvent. This was explained by a local 
region of supersaturation within the coarse membrane pores that promoted a high nucleation rate, altering the 
material contact angle of the membrane sufficient for solvent to breakthrough into the gas phase. Adoption of a 
narrower pore size membrane was shown to dissipate wetting after crystallisation in the solvent, illustrating 
membrane contactors as a stable platform for the sustained separation of CO2 coupled with its simultaneous 
transformation into a solid. Through resolving previous challenges experienced with solids formation in multiple 
reactor configurations, the cost benefit of using ammonia as a solvent can be realised, which is critical to 
enabling economically viable CCS for the transition to net zero, and can be exploited within hollow fibre 
membrane contactors, eliciting considerable process intensification over existing reactor designs for CCS.   

1. Introduction 

Carbon capture and storage (CCS) is expected to play a critical role in 
the transition to net zero. The use of ammonia (NH3) as a reactive sol
vent for the selective separation of carbon dioxide (CO2) has been 
demonstrated to achieve absorption capacities three times higher than 
sterically free primary alkanolamines, which is critical to driving down 
the cost barrier for CCS [43]. Control of the overall reaction can lead to 

the formation of solid (crystalline) ammonium bicarbonate (NH4HCO3) 
as the final product [2]. This can reduce the mass flow of stripping so
lution, lowering the thermal demand for regeneration, and therefore 
further benefitting the separation costs for CCS [36]. Formation of 
crystalline NH4HCO3 through reactive absorption of CO2 has therefore 
been studied in conventional packed column absorbers, where solids 
formation has also been shown to limit NH3 ‘slip’ into the gas phase, 
therefore eliminating the need for gas-phase abatement technology 
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Table 1 
Literature review of ammonia-CO2 absorption in hollow fibre membrane contactors where crystallisation has been observed.  

Ref. Operating conditions  Absorbent  Feed gas Ammonium Bicarbonate crystallisation 
observed 

Membrane/ ID 
(mm)b 

Pore size 
(µm) 

Gas CSAc 

(x106 

m2) 

Liquid flow/ 
Gas side  

[NH3]d 

(mol 
L− 1) 

C*a 

(mol 
L− 1) 

pH 
- 

Te 

(◦C)  
[CO2]/ 
RHinlet 

(%) 

Te 

(◦C) 
Gas 
velocity 

Liquid 
velocity 
(x103 m s− 1)   (m s− 1) 

[24] PP/0.3 0.2 0.07 S.P. f / lumen  0.6–2.9 2.4 ±
0.2 

>11 21  15/0 21 0.4–1.1 0.086–0.24 Gas side 

[26] PTFE/1.5 – 1.8 Recycle / 
lumen  

2 2.4 ±
0.2 

>11 20  50/0 20 0.93 20 Liquid side 

PTFE/1.5 – 1.8 Recycle / 
lumen  

3–5 2.4 ±
0.2 

>11 20  50/0 20 0.93 20 Gas side 

[9] PTFE/1.5 2.6 450 S.P. f / shell  1–3.7 2.4 ±
0.2 

>11 21  10–15-20/0 21 0.11 5–40 Gas side 

[40] PP + PMP/0.2 – 0.03 S.P. f / lumen  2.9 1.9 ±
0.1 

>11 10  15/100 10 2 2 Gas side 

PP + PMP/0.2 – 0.03 S.P. f / lumen  2.9 1.9 ±
0.1 

>11 10  15/0 10 2 2 Gas side 

PP + PMP/0.2 – 0.03 S.P. f / lumen  2.9 2.4 ±
0.2 

>11 21  15/100 21 2 2 Gas side  

PP + PMP/0.2 – 0.03 S.P. f / lumen  2.9 2.4 ±
0.2 

>11 21  15/0 21 2 2 Gas side  

PP + PMP/0.2 – 0.03 S.P. f / lumen  2.9 2.4 ±
0.2 

>11 21  15/0 21 1.3 2 Gas side  

PP + PMP/0.2 – 0.03 S.P. f / lumen  2.9 2.4 ±
0.2 

>11 21  15/100 21 1.3 2 Gas side  

PP + PMP/0.2 – 0.03 S.P. f / lumen  2.9 3.8 >11 40  15/0 40 1.3 2 Not observed 
This 

study 
PP/1.2 0.36–0.2 1.1 Recycle / 

lumen  
3 1.6 ±

0.1 
10 5  100/0 20 14.7 60 Liquid side  

PTFE/2.4 3.4–0.5 4.5 Recycle / 
lumen  

3 1.6 ±
0.1 

10 5  100/0 20 3.7 60 Liquid side  

PTFE/2.4 3.4–0.5 4.5 S.P. f / lumen  2.3–3 2.4 ±
0.2 

>11 20  100/0 20 0.2 1.4 Gas side  

a Ammonia concentration at supersaturation for given absorbent temperature [31,38,33],bID, Inner diameter; cCSA, Cross sectional area; d[NH3], Ammonia concentration; eT, Temperature; fSP, Single pass. 
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downstream [36,15]. However, clogging of the packed column 
following formation of crystalline NH4HCO3 has made the absorption- 
regeneration cycle difficult to manage [37]. Consequently, ammonia 
absorption studies generally advocate the elimination of crystalline 
ammonium bicarbonate formation during CO2-NH3 absorption [44,15]. 

Microporous hollow fibre membrane contactors (HFMC) can support 
the same overall chemical reaction between CO2 and NH3, but the 
introduction of a hydrophobic membrane is used to initiate indirect 
contact between gas and liquid phases. The CO2 therefore freely diffuses 
from the gas phase on the lumen side, through the gas-filled pores of the 
membrane, and into an aqueous NH3 liquid on the shell-side of the 
membrane [18]. Mediating the inclusion of CO2 through the membrane, 
can improve governance over the rate of nucleation and crystal growth 
of ammonium bicarbonate [3]. Whilst the membrane introduces an 
additional resistance to mass transfer, the high specific surface area 
provides a process intensification 15 times greater than packed column 
technology [5]. McLeod et al. [27] also identified more than an order of 
magnitude reduction in NH3 slip with HFMC. The authors attributed the 
reduced slip to the developed laminar flow in the liquid phase, as this 
constrains NH3 transport via radial diffusion through the liquid film, 
stabilising NH3 through chemical transformation to the non-gaseous 
protonated ammonium form (NH4

+). Simple recovery of an aqueous 
NH3 product from the gas-side of the membrane has also been proposed 
to further limit slip [40]. 

By decoupling gas and liquid phases, several authors have also suc
cessfully evidenced how a HFMC can permit formation of solid 
NH4HCO3 in the liquid phase following CO2 absorption into NH3 
without causing membrane scaling [27,2,3]. The reduced mixing 
imposed by the characteristically laminar liquid phase, combined with a 
differential flow path across the interface, that is distinct from the gas 
phase, may also advantage solids transmission through the membrane. 
McLeod et al. [26] indicated how membrane hydrophobicity could 
benefit the induction of crystalline ammonium bicarbonate due to a 

reduction in activation energy for nucleation. This membrane also cre
ates a unique concentration boundary layer at the three-phase line (gas- 
liquid-membrane) through the counter diffusion of CO2 and NH3, to 
create a supersaturated state which can control both nucleation and 
crystal growth. The crystal size distribution can be particularly impor
tant in this application, since this will govern the efficacy of transmission 
through the process, in addition to the kinetics of dissolution during 
regeneration of the solvent [2,3]. 

However, several studies have also identified crystalline ammonium 
bicarbonate primarily forming in the gas phase flowing through the 
membrane lumen following CO2 absorption into NH3 (Table 1) 
[24,26,9,40]. To illustrate, Makhloufi et al. [24] identified NH4HCO3 
precipitation in the lumen-side (gas phase) which resulted in unstable 
CO2 separation, gradually leading to process failure, and has been 
similarly observed by other authors [26,9]. Several mechanisms have 
been proposed which include: (i) a two-step wetting mechanism, in 
which the microporous membrane structure is wetted by the solvent, 
followed by breakthrough of aqueous NH3 into the gas phase which 
quickly approaches sufficient supersaturation in the CO2 rich gas phase 
to initiate nucleation [26]; (ii) a gas phase reaction between ‘slipped’ 
gaseous NH3 and CO2 to produce crystalline NH4HCO3; and (iii) a two- 
step condensation mechanism in which a binary water vapour/NH3 
mixture is co-transported from the solvent to the gas phase, before 
condensing and becoming rapidly supersaturated with sufficient CO2 to 
initiate nucleation [26,40]. The probability for gas phase crystallisation 
is therefore dependent upon solvent chemistry (NH3 concentration, 
reactant equilibria, fluid surface tension and temperature) which de
termines the rate and method of NH3 transport into the gas phase, and 
the membrane properties (pore geometry, contact angle), which can 
enhance the probability for wetting and heterogeneous nucleation [26]. 
However, as each study applies different conditions, it is difficult to 
establish the extent to which each parameter contributes to the proba
bility for inducing ammonium bicarbonate crystallisation and does not 
explain why some studies favour gas-phase crystallisation over liquid- 
phase crystallisation. 

Delineating the mechanisms that can promote the crystallisation of 
ammonium bicarbonate preferentially within the liquid phase of a 
HFMC is therefore critically important in delivering sustainable NH3- 
CO2 absorption comprising consistent CO2 separation, with the ener
getic benefit provided by formation of a solid phase NH4HCO3 reaction 
product. In this study, we therefore systematically explore critical pro
cess parameters that enable switching from lumen-side crystallisation to 
shell-side crystallisation, to sustain CO2 separation by avoiding prob
lematic gas phase reactions and improve recoverability of crystalline 
NH4HCO3 in the absorption solvent which could then be exploited to 
lower the energy barrier for solvent regeneration. The specific objectives 
are to: (i) determine the solvent conditions that primarily govern 
ammonia transport into the gas phase to prevent lumen side crystal
lisation; (ii) compare membranes of different properties to evidence how 
pore size and surface chemistry may promote lumen-side or shell-side 
crystallisation; and (iii) characterise reactant equilibria chemistry, 
nucleation kinetics and crystal growth phenomena to describe the 
mechanism underpinning preferential shell-side nucleation that can 
enable sustained recovery of crystalline NH4HCO3 in the solvent to 
promote low energy solvent regeneration. 

2. Materials and methods 

2.1. Fabrication, equipment setup and operation 

The microporous PTFE hollow-fibre membrane comprised a nominal 
pore size of 0.18 µm (Zeus Industrial Products, Ireland). However, 
mono-axial stretching of the PTFE tube under heat, created an isotropic 
wall with oval pores of median length 4.5 µm (Table 2). The poly
propylene hollow-fibre membrane comprised a nominal pore size of 0.2 
µm, with a dmax of 0.36 µm indicating a more circular pore geometry 

Table 2 
Dimensions and surface characteristics of the single membrane fibre.   

PP PTFE 

Fibre characteristics 
Membrane material – Polypropylene 

(PP) 
Polytetrafluoroethylene 
(PTFE) 

Inner diameter mm 1.2 2.4 
Outer diameter mm 1.8 2.8 
Wall thickness µm 300 200 
Active length mm 165 165 
Surface areabb m2 

b 
9.33 × 10− 4b 1.44 × 10− 3b 

Porosity % 72 ± 2a 60 ± 10a 

ΔGhet / ΔGhom % 60 90 
Minimum pore size, 

(dmin) 
µm 0.2a 0.18c 

Maximum pore size, 
(dmax) 

µm 0.36c 4.5c 

Geometrical factor, B – 0.56 0.15 
Contact angle, (θ) ◦ 117db 135db 

Breakthrough pressure, 
(ΔPB.P.) 

bar 2.0eb 0.3e 

Lumen cross sectional 
area 

m2b 1.13 × 10− 6b 4.5 × 10− 6b  

Shell side characteristics 
Height mm 5 5 
Width mm 12 12 
Shell cross sectional 

area 
m2b 6.0 × 10− 5b 6.0 × 10− 5b 

Priming volume ml 11.0 10.4  

aData provided by manufacturer; bBased on fibre outer diameter; cData statistically 
determined using log-normal distribution; d [6],eCalculated using Eq. (1)., based on 
geometric pore shape coefficient, and in contact with an ammonia solution.  
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(Membrana GmbH, Wuppertal, Germany). Liquid entry pressure (Pa) 
was estimated according to [14]: 

ΔPB.P. =
− 4BγLcosθ

dmax
(1)  

where B (− ) is the pore geometry coefficient, which takes a value be
tween zero and unity (unity representing a perfectly spherical pore), 
γL(N m− 1) is the liquid surface tension, θ (◦) is the contact angle at the 
membrane-liquid interface, dmax is the maximum pore length (m). For 
each experiment, single hollow-fibres were fixed into a Perspex cell (L, 

Fig. 1. (a) CO2 absorption into ammonia concentration using for PTFE membrane, with absorbent in single pass. Conditions: G/L 11, VG 0.2 m s− 1; VL 1.4 × 10− 3 m 
s− 1, temperature 20 ◦C. Error bars indicate standard deviation; (b) evidence of CO2 bubbling at the solvent exit where is lower pressure drop exists; (c) close-up of 
CO2 bubbling into the solvent on the shell-side of the fibre using direct visual observation for real time in-situ observation. 
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165 mm) comprising a 12 mm diameter channel (Fig. 1). To permit 
direct observation on the shell-side of the membrane, a viewing window 
was engineered into the recess within the upper section of the cell. A 
stereomicroscope was fixed above the viewing window and images 
captured via high resolution camera (0.5x lens magnification; Nikon 
SMZ-2T, Milton Keynes, UK). Hollow-fibres were potted in epoxy resin 
(Bostick Ltd., Stafford, UK) and sealed into the crossflow cell. Pure CO2 
(99.8%, BOC gases, Ipswich, UK) was passed through the hollow-fibre 
lumen at a flow rate of 1000 ml min− 1 using a laminar mass flow 
controller (0.01–1 L min− 1, Roxspur Measurement and Control Ltd., 
Sheffield, UK). Solvent was pumped counter-current on the shell-side of 
the membrane at 200 ml min− 1 with a peristaltic pump (520Du, Watson- 
Marlow Ltd., Falmouth, UK). Solvent temperature (5 or 20 ◦C) was fixed 
with a refrigerated bath (R1 series, Grant Instruments Ltd., Cambridge, 
UK), and fluid temperatures monitored with K-type thermocouples 
(Thermosense Ltd., Bucks, UK). For further experimental details of 
setup, see Bavarella et al. [2,3]. 

2.2. Chemical preparation, sampling and analysis 

Ammonia solvent was prepared by addition of aqueous NH3 (35% 
Fisher Chemicals, Loughborough, UK) to de-ionised water (15.0 MΩ 
cm− 1). Solvent pH was fixed to pH 10 using hydrochloric acid (HCl, 
37%, Fisher Scientific, Loughborough, UK), which has been commonly 
used in aqueous ammonia packed column processes [43], and ensures a 
high proportion of the ammonia solvent to be present in its deprotonated 
form (Fig. A1). Ammonia concentration was confirmed using ammo
nium cell test (VWR International Ltd., Poole, UK) followed by spec
trophotometric determination (Spectroquant Nova 60, Merck-Millipore, 
Darnstadt, Germany). Gas flow rate was measured using manual 

volumetric flow meters of 50 and 1000 ml volume (Restek, Bellefonte, 
US; SKC, Blandford Forum, UK) to calculate the carbon dioxide flux 
(JCO2, mol m− 2 s− 1): 

J
CO2=

(QG,in − QG,out)×273.15×1000
22.4×Am TG

(2)  

where QG,in and QG,out are gas flow rate (m3 s− 1) before and after HFMC, 
Am is the membrane surface area for absorption (m2) and TG is the gas 
temperature (K) [1]. The error for gas flow measurement was 2% of the 
reported value. 

Solution pH was monitored using a Jenway epoxy bodied pH elec
trode (bulb end type) connected to a pH meter (Jenway 4330, Cole- 
Parmer, Stone, UK). The solution UV absorbance was determined at 
215 nm (Jenway 6715 UV/Vis. Spectrophotometer, Cole-Parmer, Stone, 
UK) as this corresponds to the absorption of ammonium bicarbonate 
[42]. To characterise the development of the crystalline solid phase, 
experiments were terminated at different levels of supersaturation (C/ 
C*), which was defined as the ratio between the CO2 absorbed into so
lution that has transformed into bicarbonate and the CO2 required to 
form ammonium bicarbonate at the solubility limit. For each level of 
supersaturation, sacrificial experiments were undertaken in triplicate 
and the crystal size distribution (CSD) determined. The solvent was 
initially filtered through a 0.45 µm Whatman filter and weighed (Cam
lab Ltd., Cambridge, UK). Crystals were then immersed in anhydrous 
alcohol to minimise agglomeration during counting [39] and transferred 
to a Sedgewick Rafter counting cell (S52 glass; Pyser-SGI, Edenbridge, 
Kent, UK) consisting of a 1 mm grid for counting under an optical mi
croscope (Optech Microscope Services Ltd., Thame, UK). The micro
scope was equipped with a PL 5/0.12 lens and images captured using a 
digital camera (Infinity 3, Lumenera, Ottawa, Canada) linked to image 
processing software (Image Pro Plus, Media Cybernetics, Cambridge, 
UK) for CSD determination. Around 50 crystals were analysed from each 
image. For each sacrificial test, at least 600 crystals were classified to 
achieve sufficient accuracy for the CSD [19], which was determined 
assuming a log-normal distribution [20]. 

2.3. Chemistry of the NH3-CO2-H2O system 

Wang et al. [41] described the reaction between NH3(aq) and 
CO2(aq), including their equilibria dependent species, and the reversible 
reactions of ammonium carbamate/ carbamic acid formation: 

CO2(aq)+H2O →
k1

←
k− 1

H2CO3 (3)  

CO2(aq)+OH− →
k2

←
k− 2

HCO−
3 (4)  

CO2−
3 +H+ →

k3

←
k− 3

HCO−
3 (5)  

HCO−
3 +H+ →

k4

←
k− 4

H2CO3 (6)  

OH− +H+ →
k5

←
k− 5

H2O (7)  

NH3 +H+ →
k6

←
k− 6

NH+
4 (8) 

The relative fraction of dissolved CO2 and ammonia as carbonic acid 
(H2CO3) and protonated ammonium (NH4

+) respectively, are dependent 
on solution pH and temperature (Fig. A1). The formation of carbamate 
as an intermediate product of reaction, and its protonation to carbamic 

Fig. 2. Evidence of lumenside crystallisation following CO2 absorption into 
aqueous ammonia, with absorbent in single pass: (a) SEM image of dissected 
hollowfibre showing crystals in lumen; (b) EDX analysis of lumen-side crystals 
indicating ammonium bicarbonate. Conditions: G/L 11, VG 0.2 m s− 1; VL 1.4 ×
10− 3 m s− 1, aqueous ammonia in single pass; absorbent temperature 20 ◦C. 
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acid are described by: 

CO2(aq)+NH3 →
k7

←
k− 7

NH2COOH (9)  

NH2CO−
2 +H+ →

k8

←
k− 8

NH2COOH (10) 

Ammonium bicarbonate is formed from the ionic bond between 
NH4

+ and HCO3
− [29], which implies an equilibria dependency for the 

transformation of ammonia and carbon dioxide into crystalline ammo
nium bicarbonate (NH4HCO3): 

NH+
4 (l)+HCO−

3 (l) →
k9

←
k− 9

NH4HCO3(s) (11) 

Carbon dioxide and ammonia can produce ammonium carbamate 
(NH2COONH4) in the gas phase, or following reaction between the 

dissolved gases when in their nascent state: 

CO2(g)+ 2NH3(g) →
k10

←
k− 10

NH2COONH4(s/l) (12) 

Through hydrolysis, NH2COONH4 successively converts into 
ammonium bicarbonate (NH4HCO3) [21]: 

NH2COONH4(s)+CO2(g)+H2O(
g
l
) →

k11

←
k− 11

2NH4HCO3(s) (13) 

However, due to the high solubility of ammonium carbamate in 
water [23], ammonium bicarbonate formation in the gas phase is more 
likely to proceed by [21,16]: 

CO2(g)+NH3(g)+H2O(
g
l
) →

k12

←
k− 12

NH4HCO3(s) (14) 

In total, five solid products can form, however, NH4HCO3 is 

Fig. 3. (a) Pore structure of the PTFE membrane created through monoaxial stretching using SEM (10 k magnification; 10 kV AccV); (b) Pore size measurements of 
pore geometry (width and length of stretched pores), and their projected breakthrough pressures based on individual pore size measurements (secondary y-axis), and 
when median data are combined to form a median geometric shape factor coefficient (lower red circle). 
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thermodynamically favoured due to the lower solubility of the salt [23], 
which exhibits slight solubility-temperature dependency (Fig. B1a). 
Solvent temperature and concentration may also influence the proba
bility for gas-side or liquid side NH4HCO3 crystallisation as this will 
determine the ammonia vapour pressure (Fig. B1b; [30]. 

3. Results and discussion 

3.1. Creating baseline conditions to evaluate the probability for lumen 
side crystallisation 

Initial experiments were undertaken with a PTFE membrane using 
conditions from the literature in which lumen side (gas phase) crystal
lisation was observed (solvent temperature 20 ◦C, NH3 0.6–3 M; 
Table 1). A blockage in the lumen was first identified for each ammonia 
concentration by either a progressive increase in CO2 flux, which was an 
artefact of the reduction in gas flow caused by the blockage (see 3 M 
NH3, Fig. 1), or a complete interruption of gas flow [26]. Dindore et al. 
[11] described how for a liquid having intermediate surface tension, the 

liquid phase pressure drop over the fibre results in a higher inlet pres
sure, which could encourage localised wetting, and a lower pressure at 
the outlet, which could conversely introduce bubbling of the gas phase 
into the liquid phase near the outlet. In this study, an analogous 
observation was made following disruption to the gas flow, where CO2 
bubbling into the liquid was subsequently observed in the region of the 
fibre closest to the liquid outlet where the lowest pressure difference 
exists (Fig. 1b and 1c). Dissection of the hollow fibre membranes 
following operation, evidenced crystallisation to have proceeded within 
the lumen for the 2.3 and 3 M solvent concentrations (Fig. 2). While this 
did not occur for the lowest solvent concentration, CO2 bubbling was 
coincident with observation of solvent droplets at the outlet of the 
lumen-side, indicating the presence of solvent in the gas phase for all 
three ammonia concentrations. Based on an estimation of the change in 
transmembrane pressure required to induce CO2 breakthrough using the 
Hagen-Poiseuille equation [11], suggests that the partial filling of the 
lumen by the solvent may be sufficient to induce the back pressure 
needed to initiate bubbling without the onset of crystallisation. 

Despite considerable differences in reactivity between NH3 solvents, 

Fig. 4. Impact of recycling ammonia absorbent on wetting and lumen side crystallisation (observed immediately after wetting, t + 1) for PTFE membrane. Cu
mulative carbonate ratio compares CO2 absorbed to HCO3 concentration at saturation. Conditions: G/L 11, VG 0.2 m s− 1, VL 1.4 × 10− 3 m s− 1, gas and absorbent 
temperature, 20 ◦C. Error bars indicate standard deviation. Red line indicates ammonium bicarbonate solubility at 20 ◦C. 
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CO2 bubbling into the solvent was observed at similar times following 
operation, between 180 and 210 min (Fig. 1). The relative similarity in 
time to CO2 breakthrough may therefore indicate that the physical 
mechanism of pore wetting by the ammonia solvent precedes lumen-side 
(gas-phase) crystallisation in a two-step process [26]. The difference in 
surface tension between ammonia solvents of less than 5 mN m− 1 sug
gests that solvent breakthrough would not be strongly related to NH3 
concentration. However, due to the monoaxial stretching of PTFE during 
manufacturing, the pore structure comprised a narrow ‘width’ and 
stretched ‘length’ (Fig. 3). Measurement of over 500 pores, indicated the 
narrow dimension of the pores to range between 0.06 and 0.72 µm, with 
a median pore width of 0.18 µm, while the stretched pore dimension 

ranged between 1 and 11.5 µm, with a median pore length of 4.5 µm. 
Franken et al. [14] introduced the significance of the pore geometry to 
the induction of wetting. In this study, the median pore size data in
dicates a reduction in breakthrough pressure from approximately 7 bar 
(for spherical geometry) to less than 0.3 bar based on the median geo
metric pore shape coefficient. Dindore et al. [11] described how partial 
wetting proceeded by first wetting the larger pores in the pore size 
distribution. Since the PTFE membrane pore size distribution comprises 
of pores that are considerably greater than the median, the minimum 
breakthrough pressure will be noticeably below this value, implying a 
reasonable probability for wetting. 

The cumulative absorption of 2, 8.5 and 15 gCO2 was achieved at the 

Fig. 5. Dynamic equilibria following progressive CO2 absorption into 2.3 M aqueous ammonia in recirculation. Absorbent temperature 20 ◦C. Red line indicates 
ammonium bicarbonate solubility at 20 ◦C. 

Fig. 6. Effect of absorbent temperature (3 M L− 1 NH3 in recirculation) on reactive membrane crystallisation. Cumulative carbonate ratio compares CO2 absorbed to 
HCO3 concentration at saturation. Conditions: PTFE membrane (µm pore size). Error bars indicate standard deviation. Horizontal lines indicates ammonium bi
carbonate solubility at 20 ◦C (red) and 5 ◦C (blue). 
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onset of CO2 bubbling for ammonia solvent concentrations of 0.6, 2.3 
and 3 M respectively (Fig. 1). As the solvent was operated in single pass, 
the volumetric concentration of CO2 in the ammonia solvent was 
considerably below the concentration required to initiate crystallisation 
(ammonium bicarbonate saturation concentration (C*) 2.32 M, or a 
minimum of 102 g CO2 L− 1 at 20 ◦C)[2], which would indicate that 
crystallisation observed within the gas phase was independent of the 
liquid phase reaction. This is comparable to previous observations of 
CO2-NH3 absorption during single pass solvent flow [24,9,40]. For 
crystallisation to proceed in the gas phase, sufficient supersaturation 
must be achieved to overcome the energy barrier for nucleation [3]. As 
crystallisation in the gas phase was observed for the 2.3 M NH3 solvent 
at 20 ◦C (Fig. 2), which is below the NH3 concentration required to 

initiate nucleation in the solvent, gas phase crystallisation cannot be 
solely dependent on wetting occurring prior to nucleation. Instead, to 
overcome the energy barrier for nucleation, the ammonia concentration 
in the lumen must exceed the volumetric ammonia concentration within 
this solvent, which can only be achieved by the selective transport of 
ammonia gas across the membrane from the liquid phase to the gas 
phase. Several authors have suggested that if a crystalline product is 
formed through a gas phase reaction (Eq. (12)) [21,16], an ammonium 
carbamate (NH2COONH4) solid may be preferentially formed, as the 
reactants are less dependent on their respective equilibria. However, 
EDX analysis of the crystalline deposit in the lumen (Fig. 2b) exhibited a 
comparable C/N/O ratio to ammonium bicarbonate, which was 
confirmed by XRD[2]. We propose that this is thermodynamically fav
oured due to the lower solubility product of the bicarbonate salt, though 
its formation is equilibria dependent and thus requires sufficient water 
(in liquid or gas phase, Eq. (13) and (14)) to proceed[4]. This baseline 
analysis therefore emphasises that in addition to the role of pore struc
ture in mediating the transmission of ammonia solvent from the liquid 
phase to the gas phase, NH3 vapour pressure may also be critical to 
initiating gas phase crystallisation which is dependent on the solvent 
concentration, solvent temperature, and solvent reactivity, as they 
collectively govern the probability for selective (independent) NH3 gas 
transport from the liquid phase to the gas phase. 

3.2. Solvent reactivity is a critical factor in limiting gas phase 
crystallisation reactions 

At full-scale, crystalline ammonium bicarbonate will form in the 
solvent along the length of the membrane contactor, as CO2 absorbed in 
the solvent quickly reacts with NH3 to produce carbamic acid. This is 
part of an equilibrium dependent reaction that will determine reactivity 
and is the step preceding nucleation (Eq. (9) and (10)), where formation 
of solid NH4HCO3 may therefore also limit NH3 slip into the gas phase 
[15,2]. To evaluate whether this mechanism helps shift crystallisation 
from lumen side (gas phase) to shell-side (solvent), solvent recirculation 
was employed to mimic analogous conditions. Initial CO2 flux was 
highest for the 3 M NH3 solvent, while all three solvents exhibited a 
similar decline in CO2 flux following solvent recirculation due to the 
decline in reactivity as NH3 was progressively consumed through reac
tion (Fig. 4). 

Blockage of the lumen by wetting or crystallisation was not observed 
for the 0.6 and 2.3 M solvents following recirculation (Fig. 4), despite 
the membrane having been in contact with the solvent for longer than in 
single pass, which supports the hypothesis that wetting is not the sole 
criteria governing gas phase crystallisation (Fig. 1). During the pro
gressive absorption of CO2, carbamic acid forms through the reaction 
between NH3 and CO2. The carbamic acid liberates [H+] to reduce the 
solvent pH, shifting the ammonia-ammonium equilibrium from NH3 to 
non-gaseous NH4

+ [2](Fig. 5). This indirectly reduces the solvent 
ammonia vapour pressure, lowering the transmission of reactive NH3 
into the gas phase. By avoiding gas-phase blockages, prolonged CO2 
absorption was achieved, where the cumulative mass of CO2 absorbed 
into the 2.3 M NH3 solvent through recirculation was sufficient to 
theoretically achieve supersaturation (Fig. 4b). To illustrate, based on 
the ratio between the CO2 absorbed (C, mol) and the CO2 required to 
initiate nucleation (C*, mol of CO2 in NH4HCO3 at saturation, 2.32 M 
L− 1 at 20 ◦C), solvent supersaturation (C/C*) just exceeded 1. However, 
nucleation in the solvent was not observed. This can be explained by a 
shift in the carbonate equilibrium from HCO3

− toward H2CO3 following 
acidification of the solvent, which reduced the actual NH4HCO3 solvent 
concentration to 2.05 M L− 1 (88% of C/C*). This is below the concen
tration required to initiate shell-side (solvent) crystallisation (Fig. 5) and 
indicates that either a higher NH3 solvent concentration or a reduction 
in solvent temperature (to reduce the solubility of NH4HCO3) is required 
to initiate shell-side crystallisation. 

Lumen-side crystallisation was observed for the 3 M NH3 solvent 

Fig. 7. Evidence for shell-side crystal nucleation using PTFE membrane using 
direct observation technique: (a) gas inlet (lumen), and aquaous ammonia 
outlet (shellside); (b) centre point of fibre; and (c) gas outlet (lumen) and 
aqueous ammonia inlet (shellside). Pore size, dmax 3.4 µm; initial ammonia 
concentration, 3 M; liquid temperature, 5 ◦C. 
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after 4 h, which is only slightly longer than when operated in single pass 
(Fig. 4). This was coincident with a solvent CO2 saturation concentration 
of C/C* 0.54, which is insufficient to initiate shell-side crystallisation. At 
the same solvent temperature, the NH3 vapour pressure at 3 M is 65% 
higher than at 2.3 M (Appendix B, Fig. B1) [30]. Consequently, higher 
NH3 transport from the solvent to the gas phase (slip) can be expected at 
the outset of solvent recirculation, where the unreacted nitrogen is 
primarily available in the NH3 (gaseous) form. These observations are 

supported by McLeod et al. [26] noting lumen side (gas-phase) crys
tallisation to occur at solvent concentrations for 3 to 5 M but not at 2 M 
(Table 1). This analysis therefore implies that by reducing ammonia 
vapour pressure, the probability for gas-phase crystallisation can be 
reduced. 

Fig. 8. Impact of membrane properties (PTFE, dmax 3.4 µm; PP, dmax 0.36 µm) on reactive membrane crystallisation. Absorbent HCO3
− concentration and relative 

supersaturation (C/C*, based on HCO3
− concentration; solubility, 1.53 mol NH3 L− 1 at 5 ◦C and 1 atm) illustrated for PTFE membrane. Conditions: Recirculating 

ammonia absorbent, 3 M; G/L 5. Error bars indicate standard deviation. Red line indicates ammonium bicarbonate solubility at 5 ◦C. 

Fig. 9. Dynamic equilibria following progressive CO2 absorption into 3 M aqueous ammonia in recirculation. Absorbent temperature 5 ◦C. Blue line indicates 
ammonium bicarbonate solubility at 5 ◦C. 

S. Bavarella et al.                                                                                                                                                                                                                               



Separation and Purification Technology 290 (2022) 120786

11

3.3. Temperature reduces solvent vapour pressure to reduce gas phase 
crystallisation 

To examine the role of vapour pressure on gas phase crystallisation 
(independent of solvent concentration), the temperature of a 3 M NH3 
solvent was reduced from 20 to 5 ◦C, which reduced the vapour pressure 
from 6.1 to 2.9 kPa [30]. This also has implications for shell-side crys
tallisation, since the reduction in temperature lowers the solubility limit 
for NH4HCO3 by 30%, which favours the onset of nucleation at lower 
CO2 concentrations (Appendix B, Fig. B1). Initial CO2 flux was slightly 
lower at 5 ◦C than at 20 ◦C which can be explained by the reduced re
action kinetics (Fig. 6) [45]. However, when operating at the lower 

solvent temperature, a more consistent CO2 flux was sustained over a 
longer duration, resulting in a supersaturated solvent. Crystallisation 
was first observed on the shell-side in the 5 ◦C solvent at a theoretical C/ 
C*of 1.34, corresponding to a CO2/NH3 loading of 0.78. In addition to 
crystals collected from the solvent, nucleation was coincident with 
crystal growth on the fibre which were identified through direct 
observation (Fig. 7). Crystals formed on the fibre section closest to the 
CO2 inlet were of larger diameter and greater in number, indicating that 
the concentration boundary layer at the membrane-solution interface 
plays a role in mediating nucleation. 

Wetting occurred soon after shell-side crystallisation in the 5 ◦C 
solvent, as evidenced by a reduction of gas flow at the outlet of the 

Fig. 10. Impact of membrane properties (PTFE, 3.4 µm; PP, 0.36 µm) on reactive membrane crystallisation: (a) crystal number; (b) median crystal size versus crystal 
number. Conditions: 3 M aqueous ammonia in recirculation; absorbent temperature 5 ◦C. Ammonium bicarbonate peak corresponds to minima in HCO3

− and CO3
2− , 

and is coincident with HCO3
− concentration needed for induction (C/C* 1, 1.53 mol NH3 L− 1 at 5 ◦C and 1 atm). Error bars indicate standard deviation obtained from 

sacrificial experiments carried out in triplicate. 
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lumen, and the bubbling of CO2 into the liquid phase. This is in 
contradiction to observations at 20 ◦C where wetting was ostensibly 
followed by lumen-side crystallisation (Fig. 1). The membrane has been 
hypothesised to lower the activation energy for nucleation due to the 
interfacial energy of PTFE (contact angle, ~135◦; [6], where the het
erogeneous substrate can lower the level of supersaturation required for 
induction (ΔGhet/ΔGhom, ~90%; [10]: 

ΔGhet

ΔGhom
= 0.25(2+ cosθ)(1 − cosθ)2

[

1 − ε (1 + cosθ)2

(1 − cosθ)2

]3

(16) 

This expression has been adjusted to account for the membrane 
porosity (ε) which can also mediate local supersaturation in the region 
where the membrane (solid phase), liquid and gas phases intersect [26]. 
We propose that nucleation within the pores on the shell-side of the 
membrane for the 5 ◦C solvent subsequently alters the material contact 
angle, reducing the breakthrough pressure of the solvent which pro
motes pore wetting following shell-side crystallisation, leading to the 
transmission of solvent into the gas phase [34]. 

3.4. Tightening pore size to eliminate wetting after reactive membrane 
crystallisation occurs 

A polypropylene (PP) hollow-fibre membrane was investigated 
within the same conditions to establish if a tighter pore size and sharper 
geometrical pore shape factor (B, from 0.15 to 0.56) could eliminate 
wetting following shell-side crystallisation, through providing 700% 
increase in breakthrough pressure (Table 2). Similar CO2 flux profiles 
were initially observed for both membranes (Fig. 8). For the PTFE 
membrane, shell-side crystallisation proceeded once 2.36 M CO2 L− 1 

were absorbed, equivalent to a supersaturation index (C/C*) of 1.34 
based on bicarbonate speciation (2.06 M HCO3

− L− 1; Fig. 9). For 
reference, shell-side crystallisation occurred soon after at a supersatu
ration index (C/C*) of between 1.34 and 1.48 for the PP membrane. 
Classical nucleation theory describes how nucleation rate is dependent 
upon the level of supersaturation [25]. Despite nucleation commencing 
at comparable levels of supersaturation, a higher nucleation rate was 
identified for the PTFE membrane, which recorded 118 # cm− 3 (crys
tals/vol. of solvent) at C/C* of 1.48, compared to only 1.4 # cm− 3 for the 
PP membrane at equivalent conditions (Fig. 10). This difference is not 
clearly explained by the interfacial energy of the two membrane sub
strates (ΔGhet/ΔGhom, ~90% for PTFE and ~ 60% for PP), where the PP 

Fig. A1. Distribution of carbonic acid, bicarbonate and carbonate (H2CO3, HCO3
− , CO3

2− ) (a) and of ammonium-ammonia (b) as functions of pH and solvent 
temperature. 
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polymer should foster greater reduction in activation energy to limit the 
supersaturation level required to initiate nucleation [13,6]. While the 
role of surface roughness cannot be discounted, a critical difference 
between the membranes is the coarse pore structure of the PTFE mem
brane, which we suggest can induce higher ‘local fluxes’, thereby raising 
the local supersaturation profile in the boundary layer, which can 
correlate to an increase in both nucleation and crystal growth [13]. 
While wetting soon followed shell-side crystallisation in the PTFE 
membrane, a stable CO2 flux was observed in the PP membrane 
following primary nucleation, leading to the continuation of nucleation 
and growth (Fig. 10), which suggests that with the correct selection of 
pore size to mitigate wetting, solids formation can be promoted in 
membrane contactors to reduce the energy penalty for CO2 separation. 

4. Conclusions 

In this study, the mechanism underpinning reactive crystallisation of 
ammonium bicarbonate is investigated as solids formation has previ
ously led to process failure, while enabling its effective management 
could provide critical energy and cost benefits to solvent regeneration. 
The factors that are presumed to control crystallisation were charac
terised and used to decouple gas phase crystallisation from liquid phase 
crystallisation to permit the simultaneous separation of CO2 with the 
recovery of an ammonium bicarbonate solid in the solvent. The 
following conclusions are drawn: 

• While wetting was ostensibly observed before gas-phase crystal
lisation proceeded in the lumen, this was almost eliminated by 
reducing ammonia vapour pressure in the solvent. Therefore, it is 
NH3 vapour transport which primarily governs induction in the gas- 

Fig. B1. (a) Ammonium bicarbonate (NH4HCO3) solubility in water. Symbols correspond to the mean calculated between experimental data from PubChem, [33] 
and Perry and Green, [31]; (b) Saturated vapour pressure of NH3 over aqueous ammonia as a function of solution temperature. An increase in ammonia concentration 
or temperature increases the probability for ammonia slip. 
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phase. While beyond the scope of this present investigation, the 
water observed at the outlet of the lumen prior to gas-phase crys
tallisation could be due to condensation rather than wetting. Further 
work should consider how the chemical reaction shifts the gas phase 
concentration within the vapour-liquid-equilibrium for this ternary 
system, where the solvent developing in the gas phase could arise 
through an equilibrium dependent phase change (from vapour to 
liquid), and not simply mediated by capillary effect; 

• Following solvent recirculation, the reduction in gas-phase crystal
lisation indicates how the shift in equilibria of the reactants 
following reaction, can dissipate the transmission of gaseous 
ammonia from the solvent to the gas phase. This mechanism helps to 
explain why ammonium bicarbonate solid formation can reduce 
ammonia slip as reported previously in mixed phase contactors, but 
also emphasises how the onset of nucleation in the solvent is 
dependent on the equilibrium;  

• Increasing the solvent concentration can enhance supersaturation 
sufficient to overcome the activation energy for crystallisation in the 
solvent. However, increasing the solvent concentration raises the 
saturation vapour pressure of NH3, leading to the risk of gas-phase 
reaction; 

• Reducing solvent temperature limits the risk of gas-phase crystal
lisation, and lowers the supersaturation needed to initiate crystal
lisation in the solvent due to the change in solubility; however, we 
propose that it is the reduction in NH3 vapour pressure which pri
marily supports the transition from lumen-side to shell-side 
nucleation;  

• A narrow pore size distribution limits solvent entrapment that can 
lead to high nucleation rates, which can encourage wetting; creating 
a stable platform for the simultaneous separation and transformation 
of CO2 to the solid phase. 

The practical significance is that in resolving previous challenges 
experienced with solids formation in multiple reactor configurations 
(packed column, membrane contactors), the cost advantages of using an 
ammonia solvent can be realised, together with the energy saving for 
solvent regeneration, and exploited within hollow fibre membrane 
contactor geometry, which elicit a marked process intensification over 
conventional reactors. The outcomes can therefore contribute to driving 
down the cost of CCS which remains a critical barrier in the transition to 
net zero. 
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