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A B S T R A C T   

The feasibility of gas-liquid hollow fibre membrane contactors for the chemical absorption of carbon dioxide 
(CO2) into ammonia (NH3), coupled with the crystallisation of ammonium bicarbonate has been demonstrated. 
In this study, the mechanism of chemically facilitated heterogeneous membrane crystallisation is described, and 
the solution chemistry required to initiate nucleation elucidated. Induction time for nucleation was dependent on 
the rate of CO2 absorption, as this governed solution bicarbonate concentration. However, for low NH3 solution 
concentrations, a reduction in pH was observed with progressive CO2 absorption which shifted equilibria toward 
ammonium and carbonic acid, inhibiting both absorption and nucleation. An excess of free NH3 buffered pH 
suitably to balance equilibria to the onset of supersaturation, which ensured sufficient bicarbonate availability to 
initiate nucleation. Following induction at a supersaturation level of 1.7 (3.3 M NH3), an increase in crystal 
population density and crystal size was observed at progressive levels of supersaturation which contradicts the 
trend ordinarily observed for homogeneous nucleation in classical crystallisation technology, and demonstrates 
the role of the membrane as a physical substrate for heterogeneous nucleation during chemically reactive 
crystallisation. Both nucleation rate and crystal growth rate increased with increasing levels of supersaturation. 
This can be ascribed to the relatively low chemical driving force imposed by the shift in equilibrium toward 
ammonium which suppressed solution reactivity, together with the role of the membrane in promoting counter- 
current diffusion of CO2 and NH3 into the concentration boundary layer developed at the membrane wall, which 
permitted replenishment of reactants at the site of nucleation, and is a unique facet specific to this method of 
membrane facilitated crystallisation. Free ammonia concentration was shown to govern nucleation rate where a 
limiting NH3 concentration was identified above which crystallisation induced membrane scaling was observed. 
Provided the chemically reactive membrane crystallisation reactor was operated below this threshold, a 
consistent (size and number) and reproducible crystallised reaction product was collected downstream of the 
membrane, which evidenced that sustained membrane operation should be achievable with minimum reactive 
maintenance intervention.   

1. Introduction 

The use of packed columns for the absorption of carbon dioxide 

(CO2) has received significant attention over the past decade, for their 
potential to facilitate carbon capture and storage (CCS) as well as 
enabling CO2 separation from biogas for the production of biomethane; 
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this latter application representing one of the fastest growing areas for 
gas-liquid separation technology [1]. In both applications, chemically 
reactive solvents have been employed as a method of process intensifi
cation [2,3]. 

Aqueous ammonia has been shown to achieve higher CO2 loadings 
than sterically free primary alkanolamines such as monoethanolamine 
[4]. However, the absorption and reaction kinetics between CO2 and 
aqueous ammonia are complex [5], and the resultant species formed in a 
CO2–NH3–H2O system are difficult to predict, despite the commercial 
significance of the overall reaction in the industrial production of 
crystalline ammonium bicarbonate (NH4HCO3), for the food, fertilizer, 
pharmaceutical and manufacturing sectors, due to differences in solu
tion chemistry, reactor configuration and driving force imposed to 
initiate a phase change [6,7]. Veiga et al. [6] were amongst the first to 
report on a three phase (gas-liquid-solid) system for the controlled 
production of crystalline NH4HCO3 in which governance over crystal 
size and morphology was evaluated. The overall chemical reaction can 
be described as: 

NHþ4 ðaqÞ þ HCO�3 ðaqÞ ↔ NH4HCO3ðsÞ (1) 

In packed column studies for NH3–CO2 absorption, the formation of 
an NH4HCO3 solid was also considered as this has the potential to 
improve CO2 solvent capacity, thereby reducing the mass flow of 
stripper solution and lowering the specific energy demand for CCS [8]. 
However, managing formation and recovery of the crystalline solid 
within packed columns was found to be difficult [9], and demands 
explicit investigation of the underpinning science to define the kinetics 
of solids formation in CO2–NH3–H2O systems for CO2 absorption [10, 
11]. Subsequent investigations of NH3–CO2 absorption for CCS have 
therefore sought to implement strategies that eliminate solid phase 
formation to obviate clogging of the packed media bed [8,12]. 

Several authors have now investigated microporous hollow-fibre 
membrane contactors (HFMC) for the absorption of CO2 into ammonia 
[13–15]. In membrane contactors, the hydrophobic membrane permits 
non-dispersive contact between the gas phase (CO2) and NH3 rich sol
vent, with the gas filled pores of the microporous membrane mediating 
CO2 transport from gas to liquid phase. Whilst inclusion of the mem
brane increases the overall resistance to mass transfer, the increase in 
specific surface area afforded by membrane contactors, provides a 
process intensification of over an order of magnitude compared with 
packed columns [16]. McLeod et al. [3] successfully evidenced that the 
nucleation and growth of crystalline ammonium bicarbonate on the 
solvent-side (shell-side) of a microporous HFMC was feasible in a 
CO2–NH3–H2O system. In this proposed application for biogas upgrad
ing, the reaction enabled separation of ammonia from wastewater and 
the formation of a new by-product to provide new value for the water 
industry [15]. Unlike in packed columns, the driving force for crystal
lisation is facilitated by counter-current diffusion of CO2 and NH3 into a 
chemically reactive concentration boundary layer developing at the 
solvent-membrane interface. The authors proposed that the membrane 
behaved as a physical substrate to lower the free energy barrier suffi
cient to initiate nucleation at the entrance of the pores where gas, liquid 
and solid (the membrane) interact such that heterogeneous nucleation 
was initiated in a controlled pathway [3,17,18]. The applied drag force 
employed within the laminar conditions used within membrane crys
tallisation has often been shown to be sufficient to harvest crystals and 
avoid long term crystal deposition at the membrane surface, which has 
been accounted for by the nonspecific and reversible chemical interac
tion between the membrane and solute [17]. 

The improved governance over nucleation provided by the mem
brane, coupled with the advantage of partitioning of the crystalline 
NH4HCO3 into the liquid phase, rather than a two-phase fluid as with 
packed columns, presents a simpler and more controlled method for 
reaction product recovery. However, whilst the thermodynamic 
behaviour of the CO2–NH3–H2O system has been generally described, 

neither the solution chemistry required to initiate heterogeneous 
nucleation, or the crystallisation kinetics of a chemically reactive 
membrane crystalliser have been determined, which help to identify 
suitable boundary conditions for exploitation in CO2 separations, as well 
as to indicate downstream processing requirements for product recov
ery. Supersaturation is the driving force for both nucleation and growth 
and the rate at which an excess of solute is achieved, is dependent upon 
the flux [17]. In this configuration, chemical reactivity will define flux, 
thus the free ammonia concentration will influence the kinetic trajectory 
of the final crystalline product. Whilst membrane assisted crystallisers 
have been developed using osmotic or vapour pressure gradient as the 
driving force, the only chemically reactive membrane crystallisation 
reactor reported to date used the membrane to facilitate mixing of two 
solutions [19]. The proposed configuration therefore represents a new 
chemically reactive membrane crystallisation reactor (CR-MCR) 
configuration. In this study we aim to characterise the chemistry and 
crystallisation kinetics underpinning crystal nucleation and growth in a 
membrane contactor for CO2 absorption using NH3, to enable consistent 
and reproducible recovery of the final crystalline solid reaction product. 
Specific objectives are to: (i) characterise the kinetics of crystal nucle
ation and growth in a chemically reactive membrane crystallisation 
reactor, driven by gas phase reaction; (ii) establish the significance of 
driving force on membrane crystallisation through variation in 
ammonia concentration; (iii) identify the chemistry needed to initiate 
nucleation in CR-MCR for ammonia mediated CO2 separation; and (iv) 
provide confirmation of the reaction product identity and populate a 
mass balance to validate the successful separation of the crystalline re
action product from the membrane. 

2. Materials and methods 

2.1. Fabrication, equipment setup and operation 

The module comprised of a single 165 mm long polypropylene (PP) 
micro-porous hollow-fibre membrane (Membrana GmbH, Wuppertal, 
Germany) with a nominal pore size of 0.2 μm and membrane area of 
9.33 � 10-4 m2 (based on the outer diameter) (Table 1). 

The hollow-fibre membrane was potted in epoxy resin (Bostick Ltd., 
Stafford, UK) and sited within a 12 mm diameter channel within the 
Perspex cell (Fig. 1). To allow direct observation of shell-side 

Table 1 
Dimensions and characteristics of the hollow-fibre membrane.  

Fibre characteristics   

Membrane material – polypropylene 
Inner diameter mm 1.2 
Outer diameter mm 1.8 
Wall thickness μm 300 
Active length mm 165 
Surface areab m2 9.33 � 10-4 

Nominal pore sizea μm 0.2 
Lumen cross sectional area m2 1.13 � 10-6 

Shell side characteristics 
Height mm 5 
Width mm 12 
Shell cross sectional area m2 6.0 � 10-5 

Priming volume ml 11.0 
Operational characteristics 
Flow regime  Counter-current 
Shell-side  1, 1.9, 3.3, 4.6 M NH3 (aq) 
Lumen-side  99.8% CO2 

Liquid temperature �C 5–7 
Gas temperature �C 18–20 
Liquid velocity m s-1 0.06 
Gas velocity m s-1 14.7 
Gas humidity % 38  

a Data provided by manufacturer. 
b Based on fibre outer diameter. 
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crystallisation, a viewing window was engineered into a recess within 
the upper section of the cell [20]. A Nikon SMZ-2T stereomicroscope 
with a 0.5x objective lens (Nikon UK Ltd., Surrey, UK) was fixed above 
the viewing window and images captured with a high-resolution camera 
(Leica EC3 Microsystems, Milton Keynes, UK). The limit of detection for 
direct observation is around 3 μm [45]. The technique therefore permits 
resolution of crystal growth above this size, and not of the determination 
of nucleation. Membrane experiments were conducted sacrificially for 
each supersaturation level reached (C/C*). The supersaturation level 
(C/C*) is defined as the ratio between the CO2 absorbed into solution 
and the CO2 required to form ammonium bicarbonate at the solubility 
limit. Due to the Gibbs free energy demanded to undergo a phase 
change, in addition to the dependency on the carbonate system equi
libria, an induction time can be expected such that ammonium bicar
bonate crystallisation will proceed at a C/C* greater than one. For each 
supersaturation level, a new single hollow-fibre was mounted into the 
Perspex cell. Sacrificial experiments were conducted in triplicate for 
each supersaturation level, and the mean and standard deviation 
reported. 

Carbon dioxide (99.8%, BOC gases, Ipswich, UK) was introduced into 
the lumen of the hollow-fibre 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). Absorbent 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). The absorbent tempera
ture was fixed at 5 �C with a refrigerated bath and circulator (R1 series, 
Grant Instruments Ltd., Cambridge, UK). Gas and liquid phase temper
atures were measured across the membrane system (K-type thermo
couples, Thermosense Ltd., Bucks, UK). Inlet temperatures for the gas 
and liquid phase were 20 �C and 5 �C respectively. The liquid temper
ature was selected as this reduces the solubility limit for ammonium 
bicarbonate, to induce crystallisation earlier, and also reduced the 
saturation vapour pressure for ammonia. Temperature losses across the 
membrane were noted to be around 0.4 � 0.2 �C for both liquid and gas. 

2.2. Chemical preparation, sampling and analysis 

Absorbent ammonia concentrations ranging between 1.0 and 4.6 

molNH3 L-1 (M NH3), were prepared through addition of aqueous NH3 
concentrate (35% Fisher Chemicals, Loughborough, UK) to de-ionised 
water (15.0 MΩ cm-1). The absorbent pH was fixed at pH 10 with 
addition of hydrochloric acid (HCl, 37%, Fisher Scientific, Lough
borough, UK) as this is typical of the pH employed in aqueous ammonia 
packed column processes [21]. Ammonia concentration was confirmed 
using an ammonium cell test which pre-acidifies the sample (VWR In
ternational Ltd., Poole, UK) before determination by spectrophotometry 
(Spectroquant Nova 60, Merck-Millipore, Darnstadt, Germany). A 1000 
ml bubble flow meter (SKC, Blandford Forum, UK) was used to measure 
gas flow rate in order to calculate CO2 flux (JCO2, mol m-2 s-1)Eqn 2: 

J
CO2 ¼

ðQG; in � QG; outÞ � 273:15 � 1000

22:4 � AmTG

(2)  

where QG; in and QG; out are the inlet and outlet gas flow rates (m3 s-1) 
respectively, Am is the membrane surface area (m2) and TG is the gas 
temperature (K) [22]. The error for gas flow measurement was less than 
2% of the reported value. Absorption solvent pH was monitored using a 
Jenway epoxy bodied pH electrode (Jenway 4330, Cole-Parmer, Stone, 
UK). The development of bicarbonate in solution was determined by UV 
absorbance at 215 nm (Jenway 6715, Cole-Parmer, Stone, UK) which 
corresponds to the absorption region for bicarbonate [23,46,47]. A 
crystal size distribution was developed for each sacrificial experiment 
which corresponded to a specific level of supersaturation (C/C*). Crys
tallisation data produced at each supersaturation level is representative 
of three individual experiments, in which three crystal size distributions 
were derived for each individual experiment. Prior to counting, the 
absorbent was filtered through a 0.45 μm filter (Whatman, Camlab Ltd., 
Cambridge, UK) and then immersed in anhydrous alcohol to minimise 
agglomeration [6]. The crystals were transferred onto a microscope slide 
consisting of a 1 mm counting grid, and placed under an optical mi
croscope (Optech Microscope Services Ltd., Thame, UK) equipped with 
PL 5/0.12 lens and digital camera (Infinity 3, Lumenera, Ottawa, Can
ada). Images were analysed with image processing software (Image Pro 
Plus, Media Cybernetics, Cambridge, UK) to determine crystal number 
and size. Around 50 crystals were quantified with each image and a 
minimum of 600 crystals counted to develop one size distribution to 
minimise standard error [24]. A Siemens D5005 X-ray diffractometer 

Fig. 1. (a) Experimental setup for the chemically reactive membrane crystallisation reactor; and (b) gas–liquid membrane crystallisation where CO2 absorbed within 
NH3 rich solution induces shell side supersaturation leading to nucleation and growth of NH4HCO3 product. (Both NH3(g) and H2O(v) could be transported from the 
shell side to the lumen side). 
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with Cu Ka1 radiation (Bruker UK Ltd., Coventry, UK) was used for 
crystal analysis, using a step size of 0.04� with diffraction patterns 
recorded in the 2θ range 15–40� [25]. 

2.3. Chemistry of the NH3–CO2–H2O system 

The absorption of carbon dioxide into aqueous ammonia solutions is 
thermodynamically controlled by the following equilibria [26,27]: 

CO2ðgÞ ↔ CO2ðaqÞ (3)  

NH3 ↔ NH3ðgÞ (4)  

H2O ↔ H2OðvÞ (5) 

Upon absorption of CO2 into solution, the interactions between CO2 
and water can be described by: 

CO2ðaqÞ þ H2O ↔ H2CO3 (6)  

CO2�
3 þ Hþ ↔ HCO�3 (7)  

HCO�3 þ Hþ ↔ H2CO3 (8)  

OH � þ Hþ ↔ H2O (9) 

The relative proportion of dissolved CO2 available as carbonate 
(CO3

2� ), bicarbonate (HCO3
- ) or carbonic acid (H2CO3) is dependent 

upon solution pH, assuming a fixed liquid temperature of 5 �C (Fig. 2). 
The equilibrium between unprotonated ammonia (NH3) and pro

tonated ammonium (NH4
þ) is similarly dependent on solution pH 

(Fig. 2): 

NH3 þ Hþ ↔ NHþ4 (10) 

Wang et al. [28] investigated NH3–CO2 reaction kinetics in the liquid 
phase, comprising the reversible reactions of ammonium carbamate and 
carbamic acid formation: 

CO2ðaqÞ þ NH3 ↔ NH2COOH (11)  

NH2CO�2 þ Hþ ↔ NH2COOH (12) 

Five solid reaction products may form within the NH3–CO2–H2O 
system [9], ammonium bicarbonate (NH4HCO3(s), C* 200 kg m-3), 

ammonium carbonate ((NH4)2CO3(s), C* 300 kg m-3), ammonium 
sesquicarbonate ((NH4)2CO3⋅2NH4HCO3(s), highly soluble), ammonium 
carbamate (NH2COONH4(s), C* 600 kg m-3) and ice. Ammonium bicar
bonate is thermodynamically favoured at lower ammonia concentra
tions due to the lower solubility of the salt (Equation (1) [5]). 

2.4. Crystallisation kinetics 

In a supersaturated solution, the nucleation rate (B) and crystal 
growth rate (G) can be determined by Ref. [29]: 

B¼KBGb (13)  

G ¼ KG
�
cfm � c*�g (14)  

where KB (No m-3� b s-1þb; No ¼ crystal number) and KG (kg-g m3gþ1 s-1) 
are the rate constants for nucleation and growth respectively, while cfm 
and c* (kg m-3) are the CO2(aq) concentrations adjacent to the mem
brane surface and the equilibrium-saturated concentration at the 
membrane wall. Exponents g and b can be obtained from experimental 
data regression. Through determining the change in crystal number 
(ΔN) over a prescribed time period (Δt), the average nucleation rate 
becomes: 

BðL; tÞ ¼ΔN =Δt (15) 

Applying the experimentally derived values for B, into the logarith
mic transformation of Equation (13), then permits determination of the 
kinetic nucleation constant KB and exponent b from the intercept and 
slope respectively: 

log B¼ logKB þ b log G (16) 

Similarly, crystal growth rate can be defined as the change in size (m) 
over a prescribed time period (Δt), thus the average growth rate 
becomes: 

GðL; tÞ¼ΔL =Δt (17) 

Following the determination of G from the linear slope [30], the 
crystal growth rate constant KG and the exponent g can then be 
respectively derived from the intercept and slope of Equation (14), 
following logarithmic transformation: 

log G¼ logKG þ g log
�
cfm � c*� (18)  

3. Results 

3.1. Impact of ammonia concentration on shell-side ammonium 
bicarbonate crystallisation 

Carbon dioxide absorption was determined at four liquid phase 
ammonia concentrations ranging 1.0 to 4.6 molNH3 L-1 with the NH3 
solution in recirculation (Fig. 3a). For each NH3 concentration, CO2 flux 
followed a similar two-stage profile, characterised by a rapid initial 
decline in CO2 flux followed by a slow progressive decline in CO2 flux. 
Whilst the initial CO2 flux was lower for the 1 M NH3 solution, the flux 
profile was similar for NH3 solutions ranging 1.9–4.6 M. A spike in CO2 
flux was observed for the 4.6 M NH3 solution, corresponding to a su
persaturation level of 1.2 (Fig. 3b) and was coincident with the onset of 
substantive shell-side crystallisation which covered the membrane sur
face (Fig. 4). Within the 3.3 M NH3 solution, shell-side crystallisation 
was observed at C/C* 1.7, with no observable impact on CO2 flux. Shell- 
side crystallisation did not occur in NH3 solutions ranging 1–1.9 M. 

3.2. Chemistry governs induction of NH4HCO3 in CO2–NH3–H2O system 

As CO2 absorption progressed, the solution pH declined (Fig. 5a). 
The reduction in pH was more evident for the lower ammonia 

Fig. 2. Dependency of: (a) carbonate equilibria; and (b) ammonium-ammonia 
equilibrium on pH, for a fixed solution temperature of 5 �C in a closed system. 
Additional information available in appendix. 
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concentrations (1 and 1.9 M) despite the absorption of an equivalent 
amount of CO2. To illustrate, a minimum pH value of 7.4 was reached at 
C/C* 0.55 with 1 M NH3 absorbent, whilst that pH was reached at C/C* 
2.60 for the 4.6 M NH3 solution. However, normalisation of the cumu
lative CO2 absorption data to the initial free ammonia concentration of 
solution (CO2 solution loading, mol mol-1) evidenced that the reduction 
in pH exhibits an analogous trend independent of initial NH3 solution 
concentration (Fig. 5b). Shell-side crystallisation occurred at CO2 load
ings of 0.77 and 0.44 for 3.3 and 4.6 molNH3 L-1 respectively. 

The arising pH data was developed to estimate ammonia and bi
carbonate equilibria during CO2 absorption (Fig. 6). 

The ammonia-ammonium equilibrium had shifted primarily toward 
NH4
þ for each absorbent at supersaturation (C/C*, 1), independent of 

initial NH3 concentration (Fig. 6). During the initial CO2 absorption 
phase, the carbonate equilibrium shifts toward bicarbonate, due to the 
decrease in solution pH. However, as solution pH continued to decline 
with further CO2 absorption, the water-CO2 equilibrium shifts away 
from bicarbonate toward carbonic acid. For the lower NH3 solution 
concentrations, this results in a peak in HCO3

- concentration in advance 
of supersaturation (C/C*, 1). This was corroborated by UV215nm in 
which the bicarbonate concentration was noted to peak for both the 1.0 
and 1.9 M NH3 solutions prior to supersaturation, and was evidently a 
contribution of the initial ammonia concentration (Fig. 6b and c). The 
UV215nm absorbance provided a surrogate for HCO3

- concentration and 
demonstrated the 4.6 M NH3 solution to comprise the highest concen
tration at the point of supersaturation. 

3.3. Kinetics of nucleation and growth for chemically assisted membrane 
crystallisation 

For the 3.3 M NH3 solution, an increase in crystal number and crystal 
size was observed with an increase in supersaturation level and was 
coincident with a decrease in UV215nm (Fig. 7). The average crystal 
growth rate (G) was determined at each supersaturation level, which 
enabled derivation of the crystal growth rate constant KG 1.7 � 10-14 kg-g 

m3gþ1 s-1 and exponent g, 2.6 (Fig. 8). The nucleation rate (B) was also 

determined at each supersaturation level, to provide the nucleation rate 
constant KB 7.1 � 108 No m-3� b s-1þb and exponent b 0.4. A nitrogen 
mass balance was undertaken according to: 

Nitrogen ​ balance¼
Cb;f þ Ccry

Cb;i
(19)  

where Cb,i and Cb,f are the initial and final ammoniacal nitrogen con
centrations, and Ccry is the nitrogen concentration contained within the 
crystal. The nitrogen mass balance indicated that >99% of the nitrogen 
reduction in the absorbent was contained within the recovered crystal
line product. X-ray diffraction was used to compare pure ammonium 
bicarbonate to crystals produced following CO2 absorption into 3.3 M 
NH3 solution, which evidenced crystals obtained through the CR-MCr to 
be ammonium bicarbonate (Fig. 9). 

Fig. 3. Carbon dioxide (CO2) flux determined for the polypropylene membrane 
with four concentrations of NH3 absorbent (1–4.6 M NH3) whilst operating 
absorbent in recirculation. Flux data plotted versus: (a) time; and (b) the su
persaturation level (C/C*), which assumes complete conversion of CO2 to 
HCO3

- . Error bars represent standard deviation of sacrificial experiments un
dertaken in triplicate at each supersaturation level. Conditions: G/L 5; VG 14.7 
m s-1; VL 0.06 m s-1; Liquid temperature 5 �C; Gas temperature 20 �C. 

Fig. 4. Direct observation of membrane surface crystallisation in real time once 
supersaturation (C/C*) exceeded 1. Aqueous ammonia concentrations of: (a) 
1.9 M; (b) 3.3 M; (c) 4.6 M. Conditions: G/L 5; VG 14.7 m s-1; VL 0.06 m s-1. 
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4. Discussion 

In this study, the underpinning chemistry required to simultaneously 
absorb CO2 and initiate nucleation of crystalline ammonium bicarbon
ate in a hollow-fibre membrane contactor has been ascertained, and the 
kinetics of heterogeneous nucleation and crystal growth determined, 
which evidence the mechanism for chemically reactive membrane 
crystallisation. Both crystal population density and crystal size increased 
with increasing levels of supersaturation (Fig. 8). This is in contrast to 
Veiga et al. [6] who crystallised ammonium bicarbonate in batch and 
observed a decline in crystal population density with particle size which 
is characteristic of conventional crystalliser configurations where ho
mogeneous primary and secondary nucleation is favoured, due to the 
initial insufficiency of an immediate substrate [31,32]. The increase in 
population density observed in the present study (Fig. 8), in parallel 
with crystal growth, is indicative of sustained primary heterogeneous 
nucleation, promoted by the membrane substrate through a reduction in 
the free energy barrier. Di Profio et al. [33] also identified an increase in 
population density following supersaturation when operating mem
brane crystallisation for lysozyme recovery through an osmotic 
gradient. However, as their process was operated in batch, nucleation 
rate declined due to solute consumption at increasing levels of super
saturation for all but the lowest driving force. Whilst nucleation rates 
cannot be directly compared due to geometric differences amongst other 
considerations, the nucleation rate constant in this study was 7.1 � 108 

No m-3� b s-1þb which is ten orders of magnitude below that reported by 
Curcio et al. [32] for a conventional crystalliser (Fig. 8). It is therefore 
asserted that the increasing nucleation rate and growth rate observed at 
increasing levels of supersaturation is due to: (i) the low driving force of 
the chemical reaction, which limited consumption of NH3 in the initial 
phase of crystallisation; and (ii) the counter-current diffusion of CO2 and 
NH3 into the concentration boundary layer, which provided consistent 
replenishment of reactant to the site of preferential nucleation. This 
latter contribution is a unique facet of this chemically reactive mem
brane crystallisation reactor configuration. For the 4.6 M NH3 solution, 

encrustation (or scaling) of the fibre occurred too quickly for the 
nucleation rate to be determined (Fig. 4). Chen et al. [29] asserted that 
crystallisation induced scaling arose from Ostwald ripening in which an 
agglomeration of fine particles occurred immediately after nuclei 
breeding, followed by the supported growth of coarser crystals through 
supply of small crystal particles that become more stable on the mem
brane surface. As the CO2 flux profiles for both 3.3 and 4.6 M NH3 so
lutions (Fig. 3) were similar, it is the free ammonia concentration and 
not CO2 transport which determines the nucleation rate. It is suggested 
for this study, that the higher NH3 concentration increased nucleation 
rate which induced an analogous effect to Ostwald ripening. The 
resultant effect was a change in surface contact angle which subse
quently induced wetting and a breakthrough of solution NH3 into the gas 
phase which temporarily increased flux (Fig. 3 [34]). In contrast, whilst 
several discrete crystals were observed to have formed on the membrane 
fibre at 3.3 M (Fig. 4b), most crystals were collected downstream of the 
membrane, which was confirmed by nitrogen mass balance. When 
coupled with the consistent flux profiles sustained over the duration of 
experiments, this would suggest that provided nucleation rate can be 
specific below a critical threshold, sustained membrane operation 
should be achievable with minimum reactive maintenance intervention. 

The highest CO2 flux recorded was similar to that of McLeod et al. [3] 
who used a wider pore size PTFE membrane for CO2–NH3 absorption. 
For initial NH3 concentrations equal to or above 1.9 M, CO2 flux was 

Fig. 5. Reduction in pH observed following progressive CO2 absorption, ana
lysed by: (a) supersaturation level; and (b) carbon dioxide loading normalised 
for initial ammonia concentration. Error bars indicate standard deviation from 
sacrificial experiments undertaken in triplicate at each supersaturation level. 
Liquid temperature 5 �C; Gas temperature 20 �C. 

Fig. 6. Ongoing CO2 absorption lowers pH which shifts carbonate equilibria 
generating a dynamic bicarbonate concentration: (a) bicarbonate speciation 
determined from literature equilibria data; (b) bicarbonate concentration 
determined at UV215nm, which confirms shift in HCO3

- speciation and indicates 
relative concentration; and (c) the supersaturation level at which the peak in 
bicarbonate concentration is achieved. Error bars indicate standard deviation 
obtained from sacrificial experiments carried out in triplicate for each ammonia 
concentration. Liquid temperature 5 �C; Gas temperature 20 �C. 
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apparently independent of NH3 concentration (Fig. 3) which implies the 
liquid phase imparted negligible resistance to mass transfer, as is 
commonly reported for chemical absorption where the reactant is in 
excess [35]. However, a two-stage decline in CO2 flux was observed 
following progressive CO2 absorption. In the initial phase of CO2 ab
sorption, carbamic acid forms alongside ammonium carbonate [5,28, 
36]. The carbamic acid deprotonated to form carbamate (Equation 
(12)), whilst a fraction of the CO2 reacted with hydroxide to form bi
carbonate (HCO3

- ), the cumulative effect being a reduction in solution 
pH [28] (Fig. 5a). The lower pH shifted the equilibrium toward NH4

þ

(Fig. 2) which is favourable for crystallisation (Equation (1)) but 
reduced the rate of reaction with CO2. The onset of the second slower 
phase of CO2 flux decline occurred at a pH of between 8.2 and 8.5 for 
each NH3 concentration studied (Fig. 5b) which corresponded to a shift 
in equilibrium from NH3 to NH4

þ prior to supersaturation. It is this 
reduction in reactivity which constrained nucleation rate. The rate of pH 
decline was dependent upon CO2 loading (CO2/NH3, Fig. 5b) where a 
relative excess of CO2 drives a faster decline in pH as was observed in 
this study with a lower NH3 absorbent concentration. The subsequent 
decline in the ‘second-stage’ of absorption which tended toward a flux of 
zero for the lower NH3 concentrations, occurred at a solution pH of less 
than 7.5, and can be attributed to a complete shift in 
ammonia-ammonium equilibria to NH4

þ, forcing the reactivity of solu
tion to zero (Fig. 3). The 4.6 M NH3 solution therefore sustained a higher 
pH at supersaturation which subsequently favoured HCO3

- formation at 
induction (Fig. 6b). We suggest that it is the increased availability of 
HCO3

- provided by the buffering capacity of the 4.6 M NH3 solution 
which increased nucleation rate and induced surface scaling. 

The thermodynamics of the crystalline reaction product were 

evaluated by J€anecke [37] who identified that the intermediate solid 
products, ammonium carbonate monohydrate ([NH4]2CO3H2O), 
sesquicarbonate ([NH4]2CO3 2NH4HCO3) and ammonium carbamate 
(NH2COONH4) could form before the final reaction product (ammonium 

Fig. 7. Transition in (a) crystal number; and (b) crystal size, determined at 
progressive levels of supersaturation (saturation demands conversion of 1.5 M 
CO2 into HCO3

- ) for an NH3 concentration of 3.3 M. Bicarbonate concentration 
shown for reference as this is important for induction. Error bars indicate 
standard deviation obtained from sacrificial experiments carried out in tripli
cate for each ammonia concentration. 

Fig. 8. (a) Crystal population density versus crystal size observed at progres
sively increasing levels of supersaturation, and inset the determination of 
crystal growth rate from this data; (b) nucleation rate determined from the 
onset of induction and inset, the relationship between nucleation rate and 
growth rate is evaluated. 

Fig. 9. X-Ray Diffraction (XRD) analysis for comparison of pure ammonium 
bicarbonate (Reference) with the ammonium bicarbonate produced from 
chemically reactive membrane crystallisation (Synthetic) using 3.3 M 
NH3 solution. 
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bicarbonate) dependent upon solution temperature and CO2 loading 
(the molar ratio of CO2/NH3). The authors identified that at an absor
bent temperature of 5 �C, a CO2/NH3 loading exceeding 0.53 was 
required to induce crystallisation of ammonium bicarbonate (27% NH3 
[37]). In this study, this CO2 loading was exceeded at each ammonia 
concentration (Fig. 5b), however, crystallisation did not occur for NH3 
concentrations below 3.3 M. For 1 M absorbent, the solid phase transi
tion is thermodynamically limited since the free ammonia concentration 
is below the solubility limit for NH4HCO3 of 1.5 M (5 �C [38]). At 1.9 M, 
NH3 is not thermodynamically limiting. Instead the solid phase transi
tion is kinetically limited by the pH transient which forces the equilib
rium toward carbonic acid (H2CO3, Fig. 3) such that upon reaching 
supersaturation (C/C* ~1), there is an insufficiency of bicarbonate to 
initiate heterogeneous nucleation (Fig. 6). For NH3 concentrations of 3.3 
and 4.6 M, the excess NH3 reduced the CO2/NH3 ratio [28] and sus
tained pH through to supersaturation such that sufficient HCO3

- was 
available to induce crystal growth at CO2 loadings of 0.77 and 0.44 
respectively. Confirmation of crystalline ammonium bicarbonate was 
provided by XRD analysis. The governance of this kinetic trajectory is in 
contrast to the thermodynamic description of NH3–CO2–H2O crystal
lisation where NH3 concentrations up to 27% wt. have been studied [10, 
37]. In such cases, the NH3 concentration is sufficient to sustain pH, and 
favour the crystallisation of the more soluble intermediate solid prod
ucts of ammonium carbonate (320 g l-1) and ammonium carbamate 
(790 g l-1). Mani et al. [5] identified a similar NH3 concentration (2.5 M) 
as the best compromise between CO2 loading and ammonia slip for 
packed columns. As demonstrated in this study, a similar ammonia 
concentration of 3.3 M permits maximum attainable flux to be achieved 
which will limit membrane area, whilst assuring continuity in the 
crystallisation of the ammonium bicarbonate product of reaction. 

5. Conclusions 

In this study, the kinetics and solution chemistry underpinning the 
chemically reactive membrane crystallisation reactor for gas-liquid ab
sorption of CO2 into ammonia has been described and the method to 
recover crystalline ammonium bicarbonate as the reaction product has 
been demonstrated:  

� The two-stage decline in CO2 flux caused by the reduction in solution 
pH and the subsequent shift in ammonia-ammonium and carbamate- 
carbonate-bicarbonate equilibrium demonstrated that a minimum 
free ammonia concentration is demanded to sustain pH to ensure 
there is sufficient bicarbonate in the reaction zone at supersaturation 
to facilitate heterogeneous nucleation.  

� Free ammonia concentration greater than 1.9 M did not improve CO2 
flux, which is similar to observations in CO2–NH3 packed column 
investigation. Selection of the upper threshold for ammonia should 
therefore be based on limiting nucleation rate to avoid crystallisation 
induced scaling of the membrane.  
� Increase in crystal population density and crystal size is indicative of 

the membrane acting as a physical substrate for heterogeneous 
nucleation during chemically reactive crystallisation. 
� Both nucleation rate and crystal growth rate increased with pro

gressing levels of supersaturation, which can be ascribed to the 
relatively low chemical reactivity and the unique counter diffusion 
mechanism fostered by this type of membrane crystallisation tech
nology which provides continued reactant replenishment within the 
boundary layer where heterogeneous nucleation is promoted by the 
membrane through reduction in the free energy barrier.  
� Provided an appropriate nucleation rate was specified, only limited 

crystals were observed to form at the membrane and were instead 
collected downstream of the membrane. Use of sacrificial experi
ments (i.e. replicates) at each level of supersaturation helped to ev
idence that consistent and reproducible crystallisation is achievable 
in this chemically reactive system, indicating limited maintenance 
intervention should be required. 

Integration of the system for simultaneous crystallisation and gas 
treatment will require progress toward continuous crystallisation 
through metastable control, or the implementation of multi-stage gas 
treatment, where the latter option is most likely to achieve the higher 
crystal product yield. 
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Appendices. 

Appendix A. Carbonic acid, bicarbonate and carbonate equilibria 

The distributions of carbonic acid, bicarbonate and carbonate vs. pH (Fig. 2a) have been evaluated through the following equations [26,39]: 

½H2CO3�

CT
¼

½Hþ�2

½Hþ�2 þ K� 2½Hþ� þ K� 1K� 2
(A1)  

�
HCO�3

�

CT
¼

½Hþ�K� 2

½Hþ�2 þ K� 2½Hþ� þ K� 1K� 2
(A2)  

�
CO2�

3

�

CT
¼

K� 1K� 2

½Hþ�2 þ K� 2½Hþ� þ K� 1K� 2
(A3)  

Where CT is the sum of the carbonic species fractions in solution (CT ¼ 1), while K-1 and K-2 are the dissociation constants of bicarbonate and carbonic 
acid, given by (Equations (7) and (8) [26]): 
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K� 1¼

�
CO2�

3

�
½Hþ�

�
HCO�3

� (A4)  

K� 2¼

�
HCO2�

3

�
½Hþ�

�
H2CO�3

� (A5) 

In particular, at temperature T ¼ 5 �C and salinity S ¼ 0%, K-1 ¼ 2.84 � 10-11; K-2 ¼ 3.069 � 10-7, [39]. Carbonate and ammonia equilibria are used 
to estimate respective concentrations of dissolved species according to the pH of solution. Due to the relative simplicity of the solution used, this can be 
regarded as a reasonable estimate of concentration, due to the limited complexity and total dissolved solids concentration, which may otherwise infer 
some degree of ‘salting out’ [48]. The use of UV as a surrogate measure of bicarbonate concentration provided confirmatory evidence of the relative 
accuracy of estimation, having followed comparable trend to those estimated for the dissolved species. 

Appendix B. Dissociation of ammonia and ammonium ion 

The equilibrium between unprotonated ammonia and protonated ammonium as a function of pH has been evaluated as follows [40]: 

αNH3 ¼ 1
.�

1þ 10pKS
a � pH

�
(A6)  

αNHþ4
¼ 1 � αNH3 (A7)  

Where pKa
S is given by Ref. [41]: 

pKS
a¼ � log KS

a ¼
A
T
þ B (A8) 

Specifically, A ¼ 2727.42 and B ¼ 0.0973, respectively, while T is temperature in K [41]. 

Appendix C. Illustration of crystals recovered downstream from membrane

Fig. C1. Example images of crystals downstream of the membrane at early stage of supersaturation: (a) microscope image of crystals, in graded slide; (b) In-situ 
microscopic determination of crystals during experimentation which illustrate the classical orthorhombic structure of ammonium bicarbonate. 

Appendix D. Influence of gas humidity on lumen side crystallisation 

The relative humidity in the gas phase exiting the membrane was 38% (Table 1). Gas-phase crystallisation is thought to proceed through one of two 
mechanisms: direct reaction between CO2 and NH3 ‘slipped’ into the gas phase, or wetting and breakthrough of solvent into the gas phase followed by 
CO2 dissolution [2,42,43]. Bavarella [44] observed lumen side crystallisation when ammonia absorbent was used in ‘single pass’ at a concentration of 
2.3 M NH3, which is below the solubility limit (C/C*, 1) required to facilitate crystallisation within the liquid phase. For equivalent absorbent 
concentration and hydrodynamic conditions (same gas velocity), which established the same relative gas humidity, lumen side crystallisation was 
prevented through recycling the absorbent. 
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