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Abstract

In this study, thermal desorption was developed to separate and concentrate ammonia from
return liquor, for use as a chemical absorbent in biogas upgrading, providing process
intensification and the production of crystalline ammonium bicarbonate as the final reaction
product. Applying modest temperature (50°C) in thermal desorption suppressed water vapour
pressure and increased selective transport for ammonia from return liquor (0.11Myys3) yielding
a concentrated condensate (up to 1.7Myus). Rectification was modelled through second-stage
thermal processing, where higher initial ammonia concentration from the first stage increased
mass transfer and delivered a saturated ammonia solution (6.4Myy3), which was sufficient to
provide chemically enhanced CO, separation and the simultaneous initiation of ammonium
bicarbonate crystallisation, in a hollow fibre membrane contactor. Condensate recovered from
return liquor exhibited a reduction in surface tension. We propose this is due to the
stratification of surface active agents at the air-liquid interface during primary-stage thermal
desorption which carried over into the condensate, ‘salting’ out CO, and lowering the kinetic
trajectory of absorption. However, crystal induction (the onset of nucleation) was comparable
in both synthetic and thermally recovered condensates, indicating the thermodynamics of
crystallisation to be unaffected by the recovered condensate. The membrane was evidenced
to promote heterogeneous primary nucleation, and the reduction in the recovered condensate
surface tension was shown to exacerbate nucleation rate, due to the reduction in activation
energy. X-ray diffraction of the crystals formed, showed the product to be ammonium
bicarbonate, demonstrating that thermal desorption eliminates cation competition (e.g. Ca?*)
to guarantee the formation of the preferred crystalline reaction product. This study identifies
an important synergy between thermal desorption and membrane contactor technology that
delivers biogas upgrading, ammonia removal from wastewater and resource recovery in a

complimentary process.
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1. Introduction

By removing carbon dioxide (CO,) from biogas, the ‘upgraded’ biomethane offers new value
as vehicle fuel or as natural gas substitute (Persson et al., 2007). A large number of biogas
upgrading plants are now installed in Europe. Packed column absorbers are typically used
with water or chemical solvents. The costs involved are significant and chemical solvents can
be used to reduce cost through process intensification. Whilst chemical absorption is a mature
technology in the water sector for odour management (Esquiroz-Molina et al., 2013), different
chemical solvents are required for CO, separation. In carbon capture and storage (CCS),
ammonia (NH3) has been investigated due to its greater absorption capacity, lower energy
requirement for regeneration and lower purchase price. However, its higher vapour pressure
results in NHj; slip (Kozak et al., 2009).

Hollow fibre membrane contactors (HFMC) are an alternative to packed columns and
introduce a hydrophobic microporous membrane between the gas and liquid phases. This
facilitates non-dispersive contact, where only gases can pass through the pores (Heile et al.,
2014; Vecino et al., 2019). McLeod et al. (2014) showed that NHj; slip could be minimised in
HFMC due to the laminar conditions imposed, promoting radial diffusion of NH; from the
absorbent bulk to the boundary layer, which also stabilised NH; to non-volatile ammonium
(NH4*) through the overall counter-current chemical reaction (CO,/NH;) (Budzianowski,

2011a):

CO; 4+ NHs + H,0->NH,HCO5(s) (1)
Whilst the membrane introduces an additional resistance to mass transfer, the increased
specific surface area in HFMCs provides substantive process intensification when compared
to packed columns, and when complemented by chemical reaction, can provide significantly
lower capital and operational costs versus conventional biomethane solutions (Belaissaoui
and Favre, 2018).

Biogas upgrading facilities are co-located to ammonia rich wastewaters which could

provide a sustainable source of absorption solvent for biogas upgrading. McLeod et al. (2014)



illustrated a 15 times enhancement in CO, mass transfer with NHj rich sludge liquor returns
(2000 mgNH,*-N L', 0.11 mol L"). He et al. (2017) instead pre-concentrated NH; from return
liquors to 18,300 mgNH,*-N L' (1.3 mol L") using vacuum membrane distillation (VMD) to
increase solution reactivity during biogas upgrading. This remains below the ammonia
concentration generally considered viable for CCS (>2.5 mol L') due to the thermal
requirements in absorbent regeneration (Mani et al., 2006; Budzianowski, 2011b). However,
the authors cleverly proposed discharge of the used absorbent for fertigation (Bonet-Ruiz et
al., 2015), thereby removing the need for solvent thermal regeneration and simplifying
operation.

Alternatively, by transforming the NH3-CO, reaction product into crystalline ammonium
bicarbonate (NH4HCO,3), the cost for biological treatment of side-stream ammonia (return
liquors) is circumvented (~€1.9 to 83.3 per kgNH;*-N; Oxera, 2006), and the tankering
requirement versus a fertigation approach can be avoided. Fixation of CO, into NH;HCO; (flux
around 2000 kg h™") produces an industrially important crystalline feedstock (e.g. manufacture
of plastics, ceramics, inks) with a wholesale cost of € 0.11 kg (Veiga et al., 1999; Mortson
and Telesz, 2001; Budzianowski, 2011b). Ammonium bicarbonate crystallisation was first
considered in CCS to reduce the heat requirement for regeneration (Darde et al., 2009).
However, the homogeneous nucleation and growth of crystals within the mixed phase of a
packed column introduced clogging of equipment, making implementation difficult (Sutter et
al., 2015). McLeod et al. (2015) successfully demonstrated the feasibility of ammonium
bicarbonate crystallisation in a HFMC using a synthetic ammonia solution. The high contact
angle exhibited by the hydrophobic membrane, lowered the activation energy sufficiently to
promote heterogeneous nucleation at the micropore where interaction of the gas, liquid and
membrane was mediated, inducing surface growth of the reaction product. A combination of
controlled nucleation and phase separation fostered by the membrane, enabled recovery of
the reaction product downstream in the liquid phase (McLeod et al., 2015). Membrane
contactors therefore offer the unique opportunity to simultaneously accomplish enhanced CO,

separation to reduce biomethane production costs, introduce side-stream NH; removal from



return liquors to reduce the cost of treatment (Ma et al., 2019), and enable the crystallisation
of ammonium bicarbonate which offer a new value stream, all within a single processing stage.

Previous studies on ammonia crystallisation within real solutions have reported the
final reactant concentration to be below the solubility limit, such that crystallisation could not
proceed. For example, Ukwuani and Tao (2016) coupled ammonia stripping with second stage
acid absorption to recover crystalline ammonium sulphate. However, an antisolvent or
distillation step was needed to overcome the high solubility limit (706 g L"), thus requiring a
third crystallisation stage. Similarly, when return liquor was used for CO, absorption, distillation
was required to initiate crystallisation due to the solubility limit for NH;HCO; (182 g L' or 2.3
molyns L' at 20°C) (McLeod et al., 2014). This was further complicated by the presence of
competing cations which produced more thermodynamically favourable crystals (e.g. calcium
carbonate, sodium bicarbonate) over ammonium bicarbonate. Teichgraber and Stein (1994)
proposed that thermal stripping of return liquor in a packed column could achieve an ammonia
concentration of 130 gNH,* L-" (7.2 molyys L) which is sufficient for crystallisation. Whilst only
theorised, we suggest thermally concentrating ammonia from return liquor will provide a
reactive solution sufficient to permit NH,HCO; crystallisation directly after reaction such that
CO, separation and product conversion occur in a single stage membrane process. Since
thermal stripping is selective for NH; (based on volatility), it is also asserted that competing
cations will be limited, favouring the formation of crystalline ammonium bicarbonate.

In this study, we therefore seek to demonstrate an integrated system comprising
thermal stripper and membrane contactor for chemically enhanced CO, separation with pre-
concentrated ammonia recovered from real wastewater, to improve the value proposition from
biomethane production by coupling NH;HCO; crystallisation within the a single stage HFMC.
The objectives were to: (i) determine the boundary conditions needed to super-concentrate
ammonia from return liquor; (ii) apply these conditions to demonstrate ammonia separation
and recovery from real wastewater using thermal stripping; (iii) compare CO, absorption and

crystallisation behaviour using synthetic and recovered ammonia solutions of equal reactivity;



and (iv) confirm the crystalline reaction product derived from real wastewater to be NH;HCO;

to evidence the reduction in cationic competition through application of pre-treatment.

2. Material and methods

2.1 Experimental set-up for thermal stripping of ammonia

Thermal stripping was conducted using a rotary evaporator (Rotavapor R-100, Buchi Ltd,
Oldham, UK) (Figure 1A). The feed volume (1L) was brought to temperature and a vacuum
applied. Each set of operating conditions (vacuum, pH, temperature) were conducted in
triplicate. The volume, pH, conductivity (Jenway 4330, Cole-Parmer, Stone, UK), temperature
(-50 to 150°C, Cole Parmer, St. Neots, UK) and NH; concentration of residual feed and
condensate were determined to permit mass balance and process kinetics to be established
(Ukwuani and Tao, 2016). Equilibrium between ammonium and ammonia is strongly

dependent upon pH and temperature (Figure A1) (Bates and Pinching, 1949; Perry and Green,

2007):

any, = 1/(1 + 10pK‘2—pH) (2)
pK3 1= pKS 208 +0.0324(298-T) (3)
pK; p = pK51+0.0415P/T (4)

Where anys is the relative fraction of free ammonia; pK35 is the negative logarithm of
stoichiometric acid hydrolysis constant of ammonium ion; pKﬁ,T and ng,p are the pKs values
at temperature T and 298K respectively. During stripping, ammonia volatilisation is driven by
the difference between the saturation concentration and solution concentration, as expressed

by Lewis-Whitman model (Tao and Ukwuani, 2015):

I NH; stripped = _KLé(C —Cs) ()
where Jyus stripped IS rate of ammonia mass transfer (mg L' h''), K, is overall liquid-phase mass
transfer coefficient (m h-'), Cs is NHj; saturation concentration (mg L), C is NHj3 solution
concentration at time t (mg L") and A/V is area-volume ratio of the liquid (36.2 m? m3).

Ammonia saturation concentration decreases with temperature (Figure A2) (O'Neil, 2013),



while its variation with vacuum pressure in the range 10 to 101.3 kPa is negligible (Whitfield,

1974; Salavera et al., 2005). By integrating (5) from t=0 to t=t+1:

n(s—g)= —Kit (6)

The water flux (Ju20, g h'') can be expressed as (He et al., 2018):

Amyzo
JH20 recovered = At (7)

where Amyyo (g) is the mass of water transferred from the feed to the condensate. Ammonia

loss (JnH3 oss, Mg L1 h-') and ammonia recovered (Jnhs recovereds Mg L' h-1) were determined by:

COVO - Ctvt _Crec, tvrec, t
INH3 loss = At (8)

]NH3 recovered = ]NH3 stripped _]NH3 loss (9)
where V,, V,, feed volume at time t=0 and time t=t+1, while V. and C.; are volume (L) and

ammonia concentration (mg L") in the recovered condensate at time t=t+1.

2.2 Membrane contactor experimental set-up

A single micro-porous polypropylene hollow fibre (Membrana GmbH, Wuppertal, Germany),
comprised of 0.2 yum nominal pore size and active fibre length of 165 mm (Table A1) was fitted
in a Perspex cell comprising a 12 mm diameter channel (Figure 1b). The fibre was potted
using epoxy resin (Bostick Ltd., Stafford, UK). Carbon dioxide (99.8%, BOC gases, Ipswich,
UK) was fed into the lumen of the hollow-fibre at 1000 mL min-' or 1.7 x 10°° m3 s*' (1911°C)
using a laminar mass flow controller (0.01-1 L min-', Roxspur Measurement and Control Ltd.,
Sheffield, UK), while the absorbent was recirculated counter-currently on the shell-side of the
hollow-fibre at 200 mL min-" or 3.3 x 106 m? s (Watson-Marlow 520Du, Watson-Marlow Ltd.,
Falmouth, UK). Absorbent temperature was sustained at 6+1°C using a chiller (R1, Grant
Instruments Ltd., Cambridge, UK). Thermocouples (K-type, Thermosense Ltd., Bucks, UK)
were positioned in the gas and liquid upstream and downstream of the cell to determine

temperature in real time.



2.3 Reagents and analytical methods
Synthetic ammonia containing wastewater were prepared by diluting NH,OH (35%, 2.5 L,
Fisher Chemicals) into de-ionised water. Ammonia concentration was determined using
proprietary pre-prepared cell test (4-80 mg L', VWR International Ltd., Poole, UK) followed by
quantitation using spectrophotometry. Solution pH was fixed using hydrochloric acid (37%,
Fisher Scientific, Loughborough, UK). For crystallisation experiments, feed concentration was
fixed to pH 10, which is typically used in CO,-NH3 absorption (Yeh et al., 2005) and ammonia
concentration fixed at 3.3 molyys L' as this concentration has been shown to limit wetting
(Bavarella, 2018). For real wastewater experiments, return liquor was collected from a local
wastewater treatment works (Table 1).

A bubble flow meter (1000 mL, SKC, Blandford Forum, UK) was used to determine
carbon dioxide flux (Jcoz, mol m2 s):

] (0, in— Qg our) * 27315 x 1000 (1 O)
€0, = 224 % AT

where Q¢ in and Qg .+ are gas flow rate (m? s') before and after HFMC, 4,, is the membrane
surface area for absorption (m?) and T; is the gas temperature (K) (Atchariyawut et al., 2007).
Bicarbonate concentration was measured using UV absorption at 215nm (Wilson et al., 2001;
Mookherji et al.,, 1966; Birkmann et al., 2018) (Jenway 6715, Cole-Parmer, Stone, UK).
Solvent surface tension was determined using a Du Nouy ring tensiometer (Kruss K6, Bristol,
UK). Each experimental trial was terminated at a fixed level of supersaturation (C/C*), defined
as the ratio between the CO, absorbed and the CO, required to form ammonium bicarbonate
at the solubility limit. Experimental trials at each supersaturation level were conducted in
triplicate. Whilst experiments with the condensate recovered from real wastewater were also
conducted in triplicate, due to the limited volume of the recovered fraction, only one
supersaturation level could be characterised. Following crystallisation, the absorbent was
filtered through a 0.45 pm filter (Whatman, Camlab Ltd., Cambridge, UK) and weighed.
Crystals were immersed in anhydrous alcohol to minimise agglomeration during counting

(Veiga et al., 1999) and deposited onto a microscope slide consisting of a 1 mm grid. The slide



was placed under an optical microscope (Optech Microscope Services Ltd., Thame, UK),
equipped with PL 5/0.12 lens and digital camera (Infinity 3, Lumenera, Ottawa, Canada).
Images were analysed with image processing software (Image Pro Plus, Media Cybernetics,
Cambridge, UK) to determine crystal number and size. Each image analysed corresponded
to around 50 crystals. For each sacrificial test, at least 600 crystals were classified to develop
a statistically representative crystal size distribution (CSD) which was constructed using a log-
normal distribution (Ji et al., 2010). The recovered crystals were exposed to x-ray diffraction
with Cu Ka1 radiation (Siemens D5005 X-ray diffractometer, Bruker UK Ltd., Coventry, UK)

using 0.04° steps and diffraction patterns recorded in the 26 range 15-40° (Meng et al., 2005).

3. Results

3.1 Identifying boundary conditions for thermal stripping of ammonia from wastewater

The impact of temperature was investigated at solution pH 11 to ensure that the equilibrium
was shifted toward ammonia (Figure A1). For this low concentration solution (0.11 molyys L
), ammonia mass transfer increased sharply with temperature, from K_ 0.09 mm h-" or 2.5 x
10® m s' at 50°C to 2.6 mm h' or 7.2 x 107 m s at 80°C (Figure 2). However, the highest
ammonia concentration was identified in the condensate (the recovered fraction) at the lowest
temperature (Figure 3). To illustrate, at an equivalent condensate volume (2.3%, V' ecovered!Vinitial
teed), the condensate at 50°C and 80°C was 1.3 molyy3 L' and 0.2 molyys L' respectively from
an initial feed solution concentration of 0.11 molyys L. An increase in solution pH up to 10
increased condensate ammonia concentration, after which a similar ammonia concentration
of around 2 molyy; L' was realised (Figure 4). At pH = 10, the equilibrium at 80°C is shifted
toward 100% free ammonia (Figure A1). A range of higher initial ammonia concentrations
were examined to represent the impact of in-series thermal stripping (rectification) (Figure 5).
A positive linear relationship was identified between initial feed ammonia concentration and
the liquid phase ammonia mass transfer coefficient which increased from 1.2 to 14.1 mm h-'
(or 3.3 x 107 to 3.9 x 10 m s™') for feed ammonia concentrations of 0.5 and 2.7 molyus L,

respectively. The mass transfer coefficient recorded for 0.5 molyy3 L was below that recorded



for the natural wastewater concentration (0.11 molyyz L'; Figure 2) which can be accounted
for by the higher volumetric conversion (longer run-time) and lower vacuum pressure. Whilst
the higher K| increased the volumetric conversion into condensate over the fixed time period,
a similar condensate ammonia concentration of around 6 molyys L' was identified for each
initial feed concentration trialled, and approximated to the solubility limit of ammonia in water

at 80°C (Figure A2).

3.2 Characterisation of condensate recovered from real return liquor

The real return liquor ammonia concentration was 2,380 mgNH,* L' (0.14 molyns+ L). The
COD and total suspended solids concentrations were 6,100 and 6,600 mg L' respectively
(Table 1). The return liquor pH was increased to 11, and subjected to a two-stage thermal
desorption to mimic the rectification process that would be employed at larger scale (Table 2).
In the first stage, ammonia concentration in the recovered condensate was increased to
47,600 mgNH; L' (2.8 molynz L), which increased further to 108,000 mgNH; L (6.4 molyns
L") following the second stage thermal desorption. The recovered condensate was low in total
suspended solids (<5 mg L"), equivalent to a particulate COD removal of 94.5%, but did
comprise of a soluble chemical oxygen demand (sCOD) concentration of 1678 mg L' (Figure
A3). The difference in solution surface tension was evaluated, as this presents implications for
membrane wetting (which will reduce CO, mass transfer) and the induction of crystallisation.
The difference in surface tension of the synthetic ammonia solution and the thermally
recovered condensate (return liquor) from that of water (o 72.8 mN m') were around Ac +0.9

and -39 mN m-' respectively at an ammonia concentration of 3.3 molyyz L' (Figure 6).

3.3 CO, absorption and NH,HCOQO; crystallisation in real and synthetic wastewater

Ammonia concentration of synthetic and real solutions were fixed to 3.3 molyys L for
absorption experiments (Table 1). Initial CO, fluxes were similar for the synthetic and the
condensate recovered from return liquor, but following progressive absorption of CO,, a more

notable decline in CO, flux was observed for the condensate recovered from return liquor



(Figure 7). Whilst absorption kinetics were slower for the real solution, the reduction in pH
induced by the formation of ammonium carbamate following the continued inclusion of CO,
(McLeod et al., 2015) were comparable at an equivalent amount of CO, absorbed (based on
mass balance of the gas phase) (Figure 8). As CO, absorption progressively decreased
solution pH further, an increase in bicarbonate concentration (measured using absorption at
UV,15nm @s a surrogate indicator) was noted which peaked around a supersaturation level
(C/C*) of 1 for both solutions (Figure 7). Whilst comparable bicarbonate trends were similarly
evidenced for both solutions, lower UV,5,m» absorbance was identified for the real solution
which can be accounted for by the comparatively higher turbidity of the sample (particulate
chemical oxygen demand, pCOD, 89 mg L") subsequently limiting solution absorbance;
analogous bicarbonate transformation was thus confirmed through observation of the initiation
of crystallisation at the same supersaturation level (C/C*, 1.7). Very few, if any, crystals
resided on the membrane, and were instead primarily recovered in the bulk solution
downstream of the membrane (Figure 9); this was supported by mass balance which
demonstrated that over 90% of the nitrogen removed from solution, was resident within the
crystalline phase recovered downstream. Upon increasing levels of supersaturation, an
increase in crystal number (expressed as number per cubic centimetre, N cm) and crystal
size was observed for the downstream crystal population within the synthetic solution reaching
5 N cm and 424 um respectively at C/C* 2.1 (Figure 10). For comparison, crystal number
and crystal size of 75 N cm and 601 ym were respectively recorded for the downstream
crystal population within the recovered condensate at an equivalent level of supersaturation.
To examine crystallinity of the recovered crystals, crystals produced within the bulk solution of
the synthetic solution and the condensate recovered from return liquor were exposed to X-ray
diffraction, and compared to the analysis of pure ammonium bicarbonate (>99%) as a
reference (Figure 11). Each of the major 26 reference peaks were identified within the crystals
formed from synthetic and real solutions, indicating that the crystal phase is primarily
ammonium bicarbonate (Meng et al., 2005). Most minor 26 reference peaks also correlated to

the reference material, with some small mismatch in position, which can be accepted as



experimental error (e.g. specimen displacement). Whilst peak position correlates to the
chemical composition, physical and chemical properties, the 20 peak intensity can also be
influenced by the crystal habit since the total area of each face is different (Inoue and
Hirasawa, 2013). Such shifts in habit from those observed in the reference material, were

experimentally observed in this study (Figure 9).

4. Discussion

In this study, the use of ammonia rich condensate, recovered through thermal stripping of
return liquor, was demonstrated to facilitate CO, separation and initiate the controlled growth
and recovery of crystalline ammonium bicarbonate in a chemically reactive membrane
crystallisation reactor, based on hollow fibore membrane contactor technology. Thermal
stripping at elevated temperature (80°C) raised the saturated vapour pressure of NH; (Figure
A2; Wilson, 1925) and guaranteed a shift in the ammonia-ammonium equilibrium toward
ammonia. This increased the overall mass transfer coefficient (Figure 2) and is comparable to
observations by Tao and Ukwuani (2015). This transition in the pKa with an increase in
temperature is important, as it evidences through optimisation that it may be possible to shift
the ammonia-ammonium equilibrium toward ammonia with only limited chemical demand. For
example, at 70°C, over 90% of the nitrogen is present as ammonia (Figure A1), which requires
pH correction of the return liquor by only 0.5 pH unit, the mediation of such a change having
been demonstrated through using stripping technology as an alternative to direct chemical
addition (Kinidia et al., In Press). However, lowering stripper temperature (50°C) increased
the recovered condensate ammonia concentration by suppressing the relative vapour
pressure for water, which induced selectivity toward ammonia (Thurston et al., 1979; O'Neil,
2013). In second-stage thermal stripping, the highest rate of mass transfer was recorded by
increasing initial ammonia concentration. Therefore, when applying rectification at industrial
scale for ammonia recovery, which is analogous to distillation columns in series being
consolidated within a single stage process, operation at lower AT may be more pragmatic as

this limits energy demand, and delivers a higher ammonia concentration which will



subsequently enhance mass transfer in the overall separation (Teichgraber and Stein, 1994).
Improvement in the overall rate of mass transfer during thermal desorption can also be
realised through and increase in the specific interfacial surface area (over an order of
magnitude) and hydrodynamic optimisation that would be expected upon the transition from
rotavaporator to packed column design (Heile et al., 2014). Biogas upgrading facilities typically
treat around 1/3 of the biogas flow with 2/3™ used in combined heat and power for the
production of electricity and heat, which represents an economically valuable source of heat
for thermal stripping (Auty and Moore, 2003). To illustrate, in a large wastewater treatment
works treating 500,000 m? d-, return liquors comprise 0.5% of flow (2500 m? d-') and biogas
production is around 2500 m3 h-' (McLeod et al., 2014). Assuming 2/3™ of the biogas flow is
available for heat, then the temperature gradient that can be realised in the return liquor with

waste heat (kWhy,, 45%) is:

Available heat energy (#)

AT(°C) =

d

kWh kg 11
e )

water (g ) Qreturntiguor(4.

where S,..: is the specific heat capacity for water (0.00116 kWh kg' °C-"). On this basis, the
return liquor can be raised by a temperature difference of 50°C, which can be regarded as a
conservative estimate since this does not take into consideration the inclusion of heat
recovery. Importantly, this study illustrates the potential to facilitate thermal stripping with
available heat, and demonstrates the recovery of extremely concentrated ammonia, where
the NH; concentration recorded in the condensate (6.4 molyys L) in this study, represents the
highest recorded value in the literature to the best of our knowledge, and is suitable for
subsequent use in both CO, absorption and crystallisation.

Packed column technology has already been employed for ammonia separation from
industrial wastewater at commercial scale (Zeng et al., 2006; Heile et al., 2017). However, this
is usually configured as a two-stage air stripper/acid stripper (Kinidia et al., In Press), where
the focus is on ammonia removal and not ammonia recovery. Ammonia concentration in the
condensate recovered at 80°C was consistently 6.4 molyys L, independent of the rate of mass

transfer, which can be ascribed to the condensate reaching the solubility limit for NH; for even



the lowest feed concentration such that increasing ammonia flux could not increase the
condensate ammonia concentration (Figures A2 and 5; O’Neil, 2013). Reducing temperature
from 80°C to 50°C almost doubles the solubility of ammonia to 12 molyys L' (Figure A2).
Therefore operating the thermal stripper at the low temperature threshold, can avoid saturation
of the condensate which will markedly increase ammonia concentration, and in combination
with introducing control of the reflux ratio, will help fix ammonia concentration in the recovered
condensate. Mass balance on the same illustrative Wastewater Treatment Works example
(McLeod et al.,, 2014) indicates that based on the return liquor ammonia concentration
identified in this study (Table 1) and assuming 90% ammonia recovery, 367 kmolyyz d-! are
available for absorption, which closely matches the stoichiometric requirement (1:1, Equation
1) for the mass flow of CO, in the gas phase (333 kmolco, d'). Importantly, the recovered
condensate NH; concentration was within the range nominally proposed for CCS, illustrating
its reactivity, and was above the solubility limit for NH;HCO; (1.5 molyys L', 5°C), which
evidences its viability for the initiation of direct crystallisation within the membrane contactor
(Mani et al., 2006; Budzianowski, 2011b).

Carbon dioxide absorption proceeded in two-stages: an initial rapid decline in CO, flux
up to a supersaturation ratio of around C/C* 0.5 (Figure 6), followed by a slower decline and
at a lower average CO, flux. This can be accounted for by the initial fast reaction between CO,
and free ammonia, followed by the reduction in pH induced by the dissolution of CO,, which
shifted the ammonia-ammonium equilibrium toward ammonium (NH;*). The CO, flux declined
considerably faster for the condensate recovered from return liquor, which we propose is due
to the reduction in solution surface tension (Figures 6 and 7). During thermal desorption using
the rotavaporator, a small amount of liquid (and not vapour) carryover was observed at the
intersection between the surface of the feed solution (round bottom flask) and condenser,
which is an artefact of this lab scale device, where surface active agents partition to the air-
water interface, which then passed directly into the recovered condensate. We therefore
suggest the reduction in condensate surface tension is due to the concentration of surface

active agents which have been shown to ‘salt-out’ CO,, lowering physical solubility of CO, and



therefore reducing its kinetic trajectory in the second phase of absorption where physical
rather chemical absorption is more dominant following the transformation from NH; to NH,*
(King, 2004). Due to the phase separation adopted in rectification, liquid carryover is less likely
to occur when scaled-up. Nevertheless, the reduction in solution surface tension, which in turn
reduces the breakthrough pressure of the membrane, did not evidently induce membrane
wetting (Franken et al., 1987; Wang et al., 2005). This was demonstrated by the absence of
gas-phase crystallisation, which is known to occur following solvent breakthrough from liquid
to gas-phase (Makhloufi et al., 2014; Cui and deMontigny, 2017; Villeneuve et al., 2018).
Despite the reduction in the kinetic trajectory of absorption, the thermodynamics of
crystallisation were comparable between synthetic and condensate solutions, as noted by an
analogous point of induction (C/C* 1.7, Figure 7). Following dissolution, CO, reacts with free
ammonia NHz(aq) to produce carbamic acid (NH,COOH); this releases hydrogen ions (H*)
which lowers pH (Wang et al., 2011). A comparable trend between pH reduction and CO,
absorption, evidences that the reactivity of both solutions were similar (Figure 8). The
carbamate (NH,COO-) subsequently decomposes into HCO5; and NH; but because of the pH,
the ammonium-ammonia equilibrium shifts towards NH,* (Kim et al., 2008; Capodaglio et al.,
2015; Wang et al., 2011). Crystallisation of NH;HCO; can then proceed once sufficient
concentration of the reactant is present. The lag time introduced between theoretical
saturation (C/C* 1) and the point of induction (C/C* 1.7) can be explained by the partial
conversion of HCOjs into H,CO; at the lower pH range, which then requires further CO,
dissolution to achieve sufficient HCO; for induction (the initiation of nucleation) (Millero and
Roy, 1997). We propose that the hydrophobic membrane in this study (polypropylene, 6 117°)
induced heterogeneous nucleation (Lucassen-Reynders, 1963; Curcio et al., 2006; Bougie
and lliuta, 2013):
yLcos8 = ys—vsy (12)
where 6 is the contact angle of liquid on the membrane, while y_ , ys and ys, are the surface
tensions representing liquid-vapour, solid-vapour and solid-liquid interfaces, respectively.

Promotion of primary heterogeneous nucleation at the membrane was confirmed by the



continued increase in crystal number observed as crystal size increased in the synthetic
solution. This contradicts the behaviour of conventional crystallisers which are dominated by
secondary nucleation effects that result in a decline in population density as crystal growth
begins to dominate (Veiga et al., 1999). This can be explained by the membrane enabling the
decoupling of nucleation from crystal growth, with nucleation continuing to proceed due to
thermodynamic favourability of the membrane and the unique counter-diffusional
concentration gradient that the membrane fosters between the gas and liquid phase which
continues to replenish reactant at the interface (McLeod et al., 2015). Crystals were collected
primarily in the downstream bulk solution, which is analogous to findings from thermally driven
membrane crystallisation, and has been explained by the non-specific crystal-membrane bond
formed, such that mild hydrodynamic conditions are sufficient to displace nucleated crystals
form the surface (Curcio et al., 2006). The reduced surface tension of the recovered
condensate served to lower the solid-liquid surface tension contribution ( ys;) which implies a
reduction in the activation energy required for nucleation:

AG* o v3, (13)
where AG is Gibbs free energy during critical nucleus formation. A small decrease in y; (and
consequently ys;), will increase nucleation and growth rate which was evidenced in this study,
for the recovered condensate, by the higher crystal number observed at a comparable level
of supersaturation (Wu and Nancollas, 1999). We assert that induction was ostensibly the
same as this was more dependent upon development of sufficient reactant to initiate induction
(specifically bicarbonate). Characterisation of the solid product confirmed the crystal to be
NH,HCO; (Figure 11). McLeod et al. (2014) used distillation to crystallise NH;HCO3 in return
liquors and ion-exchange regenerant following their use in biogas upgrading. However,
sodium bicarbonate and calcium carbonate were respectively formed due to their
thermodynamic favourability and presence in solution. In this study, pre-concentration of
ammonia by thermal desorption obviated cation competition and enabled crystallisation of the

preferred NH,HCO; salt.



5. Conclusions

In this study, a synergy between thermal desoprtion and membrane contactor technology has

been demonstrated that delivers biogas upgrading, ammonia removal from wastewater and

recovery of an industrially signicant resource (crystalline ammonium bicarbonate) in a

complimentary process. The following conclusions are drawn:

Modest thermal gradients (50°C) offer more concentrative operation through suppressing
water vapour pressure; higher NH; concentration then increases mass transfer in second
stage thermal desorption. Rectification can be designed at scale to enable analogous
separation within a single stage process.

The chemistry underpinning CO, absorption and crystallisation in the recovered
condensate was comparable to the synthetic solution. However, the condensate surface
tension reduced CO, absorption kinetics due to ‘salting-out’ and enhanced the perceived
nucleation rate through a reduction in the activation energy required for critical nucleus
formation. We propose that the surface tension reduction identified is due to carryover of
surface-active agents (e.g. surfactants) in the present study, and will not be as significant
upon scale-up due to improved phase separation in thermal desorption.

The crystalline reaction product was shown to be ammonium bicarbonate. This
demonstrates that the cationic competition proviously observed in return liquors not
subjected to thermal desorption, which forced the crystallisation of thermodynamically
favourable salts, can be avoided by thermal pretreatment which will also inevitably improve
long term maintenance of the membrane by reducing the solid and organic content of the

absorbent.

Whilst the collective strength of the technologies has been demonstrated, further research is

required to develop a scalable thermal stripper. This is achievable through operating the

overall separation at lower temperatures to improve ammonia solubility, and mass transfer

optimisation to provide stronger governance over ammonia transfer between phases.
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Figure 2. Impact of temperature on the rate of primary stage ammonia desorption, where
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Figure 3. Impact of temperature on the recovered condensate ammonia concentration
(Cnhs), Where feed soluton concentration is equivalent to return liquor (1.8 g L', 0.11 mol
L-"). Operating conditions: vacuum, 100mbar; initial volume, 1000 mL; pH = 11. Error bars

indicate standard deviation from sacrificial experiments undertaken in triplicate.
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conditions: vacuum, 420 mbar; desorption time, 45 mins.; temp., 80 °C. Error bars indicate

standard deviation from sacrificial experiments conducted in triplicate.
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pH = 12. Error bars indicate standard deviation.
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Figure 9. Ammonium bicarbonate crystal formation observed in real time (C/C* ~1.5-1.8):

(a) on the membrane during CO, absorption through the direct observation cell window (top-
side view); and (b) in the bulk solution downstream of the membrane using in-situ particle

visual microscopy (PVM).
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Figure 11. XRD analysis of pure NH;HCO; (Reference), crystalline ammonium bicarbonate
produced from recovered condensate using the membrane (return liquor; real), and

ammonium bicarbonate crystallised from synthetic solution using the membrane (Synthetic).



Table 1. Characterisation of return liquor and condensate from first and second stage of
NHs(aq) recovery process.

Condensate Crystallising ~ Synthetic

Return fluid @ fluid

Liquor First Second

Stage Stage
pH ) 8.4 11.5 11.5 11.3 12.6
COD= mg L 6100 486 1767 913 <25
SCOD®P mg L’ 4500 427 1678 844 <25
TSSe mg L 6600 LD LD LD LD
Conductivity mS cm- 2.05 1.59 0.87 1.35 0.19
[NH3]initiaI feed mOlNH3 L 0.14 2.8 6.4 3.3de 3.3¢
gNH3-N L 2.0 39.2 89.6 56 56

a Chemical oxygen demand. ® Soluble chemical oxygen demand. ¢ Total suspended solids. 4 Mixture
between first and second stage condensates to fix NH3 at 4M before pH correction. ¢ Initial 4M
concentration lowered to 3.3M NHj; following pH correction with HCI to pH10. LD — Limit of detection.

Table 2. Operation of two-stage thermal desorption of ammonia from return liquor.

Stage
First Second

Feed temperature °C 80 80
Vacuum pressure mbar 420 470
Desorption time min 60 45
Volume initial feed mL 1000 1000
pH initial feed (-) 112 11.5
[NH3-NJinitial feed MoOlns L 0.14 2.8

gNH;-N L 2.0 39.2
[NH3-N]condensate molyyz L 2.8 6.4

gNH5-N L 39.2 89.6

aAddition of 1% sodium hydroxide to ensure equilibrium is shifted 100% toward ammonia (NH3).
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Figure A3. Images of: (a) return liquor used in this study; (b) condensate produced for

membrane chemically assisted crystallisation; and (c) ultra-pure water.

Table A1. Dimensions and surface characteristics of the single
membrane fibre.

Fibre characteristics

Membrane material - polypropylene
Inner diameter mm 1.2
Outer diameter mm 1.8

Wall thickness um 300
Active length mm 165
Surface areaP m2 9.33 x 10*
Nominal pore size? um 0.2
Lumen cross sectional area m2 1.13 x 106

Shell side characteristics

Height mm 5
Width mm 12
Shell cross sectional area m2 6.0 x 10°®
Priming volume mi 11.0

Operational characteristics

Flow regime Counter-current
Shell-side 3.3 M NH3; (aq)
Lumen-side 99.8% CO,
Liquid temperature °C 611

Gas temperature °C 19+1

a Data provided by manufacturer. ® Based on fibre outer diameter.



Highlights

Thermal desorption concentrates ammonia from return liquor up to 109,000 mg L*
Concentrated is effectively demonstrated for separation CO, from biogas

Membrane lowers activation energy barrier to induce crystallisation

Absorption rate for ammonia concentrate and synthetic same but nucleation increases

Crystals confirmed to be ammonium bicarbonate proving minimal cationic competition
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