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Vacuum thermal stripping permits the recovery of ammonia from wastewater in a concentrated form, which is
key to its exploitation in the circular economy, but the latent heat demand for thermal separation remains a
critical barrier to exploitation. In this study, we investigate the vapor-liquid equilibrium (VLE) for ammonia-

E:OZ;:; recover water as a mechanism to enhance recovered ammonia quality and minimise the thermal energy required for
Wastewater v ammonia separation. Below the dew point (65 °C at 0.25 bar) a two-phase region of the VLE exists where 48 %wt

gas-phase ammonia could be produced (61 °C) compared to only 2 %wt within the stripping region adopted
widely in the literature. This was complemented by a 98 % reduction in thermal separation energy, since limited
water vaporization can occur when the feed is maintained below the activation energy threshold for bulk
evaporation. Operation within this practically unexplored region of the ammonia-water VLE fosters a gas-phase
product suitable for energy generation in gas turbines or solid oxide fuel cells. Comparable product quality was
achieved using concentrated wastewater, which validated the VLE for design in the presence of a broad range of
dissolved gases and volatile inorganic compounds. Rapid desorption of CO; occurred during vacuum stripping,
subsequently increasing pH >9 without the requirement for alkali addition to shift the ammonia-ammonium
equilibrium in favor of gaseous ammonia. Consequently, the two-phase region of the VLE defined for vacuum
thermal stripping provides a synergistic strategy to mitigate chemical demand, minimise separation energy and
recover gas-phase ammonia for zero carbon energy generation, constituting a significant advancement toward
the net zero ambitions of the water sector.

1. Introduction

Ammonia in municipal wastewater is removed by biological oxida-
tion in the activated sludge process. Ammonia oxidation consumes 3-5
kWh, kgﬁ1 for forced aeration and can represent 20 % of the total en-
ergy demand for wastewater treatment (Garrido et al., 2013; Wett,
2006). During ammonia oxidation, 0.3 % of the nitrogen is transformed
into nitrous oxide (N20) which has a global warming potential
310-times greater than COy (Campos et al., 2016; Winter et al., 2012).
Consequently, ammonia removal is associated with almost half of
greenhouse gas (GHG) emissions in wastewater treatment (Campos
et al., 2016). To improve environmental standards and public health,
nitrogen limits for treated wastewater in Europe are reducing to 10 mg
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L~ (for works serving >0.1 million P.E.) within the Urban Wastewater
Treatment Directive 91/271/EEC (EEC Council, 1991). The new
discharge standards will require higher nitrogen removal from existing
wastewater treatment processes, or prompt investment to expand
treatment capacity, which will increase energy demand and GHG
emissions associated with ammonia removal.

Ammonia recovery from wastewater is an opportunity to advance
sustainability within the water sector. Currently, approximately 185
Mtonnes y ! of ammonia is synthesised in the energy intensive Haber-
Bosch process (19 kWhy, kgﬁl) to meet agricultural and industrial de-
mands (Mission Possible Partnership, 2022; Morgan, 2013). Ammonia
synthesis is presently 95 % reliant on fossil-fuel derived hydrogen
feedstocks and is consequently associated with 1.3 % of global CO4
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emissions (International Energy Agency, 2021; Nayak-Luke et al., 2018).
The demand for ammonia is projected to expand to at least 255 Mtonnes
y~! by 2050 due to the rising global population and this has stimulated
interest in decarbonising its production (International Energy Agency,
2021; Mission Possible Partnership, 2022). This could be achieved by
incorporating carbon capture and storage for ‘blue’ ammonia produc-
tion, or a transition to electrified plants powered by renewable energy
sources for ‘green’ ammonia production (Cesaro et al., 2021; Morgan,
2013). Across the UK water sector alone, there is an opportunity to
recover up to 400 tonnes of sustainable ammonia per day which could
offset commercial ammonia production and therefore align directly with
existing objectives for industrial decarbonisation (Henze and Comeua,
2008; Parliamentary Office of Science and Technology, 2007).

Many researchers have focussed on ammonia recovery from waste-
water to produce agricultural fertilisers (i.e., ammonium sulphate,
struvite) (Vaneeckhaute et al., 2017). There are complex barriers to the
sale of fertiliser produced from wastewater since it is classified as waste
under the European Waste Framework Directive 2008/98/EC (EC,
2008). With a lower heating value of 5.3 kWh kg™! (comparable to
biogas, 6.1 kWh kg~!), ammonia is also emerging as a next generation
zero carbon fuel (Table 1) (Moore and Auty, 2013; The Royal Society,
2020). As the water sector is already strongly focused on renewable
energy production, ammonia can therefore provide significant value.
For example, biogas turbines used for combined heat and power (CHP)
generation are often co-located with ammonia-rich digested sludge li-
quors. Gas-phase ammonia recovery could support the co-combustion of
an ammonia/biogas mixture to increase energy production (Kurata
et al.,, 2017; Okafor et al., 2021). Gaseous, aqueous or anhydrous
liquified ammonia can also be consumed in fuel cells that are not limited
to classical Carnot inefficiencies and thus achieve electrical efficiencies
greater than those of existing CHP engines (>50 %) (Lan and Tao, 2014;
The Royal Society, 2020). Ammonia can also be ‘cracked’ electrolyti-
cally or catalytically to produce hydrogen (Jackson et al., 2015; Vitse
et al., 2005), directly in line with ongoing investment into hydro-
powered hydrogen production within the water sector to access an
expanding hydrogen economy (Anglian Water, 2021; Department for
Business, Energy and Industrial Strategy, 2021). Ammonia to energy
could therefore reduce energy importation for water utilities and limit
exposure to volatile energy prices or create new revenue streams
through the exportation of hydrogen-based zero carbon fuels. The
capability to meet stringent nitrogen discharge limits, reductions in GHG
emissions and grid based power, while producing a zero carbon fuel
creates a holistic strategy for the water sector that resonates with its
broader net zero ambitions (Water Europe, 2021; Water UK, 2020).

Table 1
Technologies for energy and hydrogen generation using ammonia.
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However, the concentration, purity and form (i.e., aqueous or gas) that
the ammonia is recovered in will determine the available routes for its
exploitation as a zero carbon fuel (Table 1).

Since ammonia is relatively dilute and contained within the complex
wastewater matrix, its separation and purification from wastewater is
required to capitalise on ammonia to energy opportunities. In a cen-
tralised wastewater treatment works, 20-40 %wt of the ammonia load is
concentrated within centrifuged liquors originating from anaerobic
digestion (centrate) which represent less than 1 % of the treatment flow
(Ndam, 2017). This low-volume sidestream presents an ideal target for
economic ammonia recovery, since the raised concentration will
enhance the driving force for ammonia mass transfer during stripping
(Bavarella et al., 2020; Ukwuani and Tao, 2016). Air and steam stripping
are already commercially established (Organics Group, 2020; RVT,
2015). High gas-liquid ratios (>2500 mgas mﬁ,fuid) are necessary during
air stripping which generates dilute gas-phase ammonia (<0.05 %wt
NH;3) (Huang and Shang, 2006; Jiang, 2009). Operating at high tem-
peratures will reduce ammonia solubility, and so steam stripping re-
quires lower gas-liquid ratios (<300 mgas mﬁguid) and generates an
ammonia vapor at higher purity (0.5-2.0 %wt) but the thermal demand
increases to ~150 kWhy, kgﬁ1 primarily due to the latent heat demand
for raising steam (Teichgraber and Stein, 1994; Zeng et al., 2006). As
existing stripping solutions are primarily used for abatement, gas-phase
ammonia is generally oxidised at high temperatures over a catalyst
(250-450 °C), or captured in sulphuric acid to produce a relatively dilute
ammonium sulphate solution that requires disposal (Huang and Shang,
2006; Jamaludin et al., 2018; Wang et al., 2021). To improve the
viability of zero carbon energy production from wastewater ammonia,
stripping technologies must be able to produce aqueous ammonia or
anhydrous liquified ammonia products in sufficient concentration to
meet the needs of emergent energy applications. The separation and
purification of ammonia must also be achieved with minimal energy
input to maximise the potential for this new resource.

Vacuum thermal stripping is an emerging alternative, demonstrated
at laboratory scale, in which wastewater is heated to saturation in a
partial vacuum (Bavarella et al., 2020; Han et al., 2022). The absolute
temperature for boiling reduces with the vacuum pressure applied.
Consequently, the thermal energy demand can be reduced, enabling the
integration of low-grade waste heat sources (Anwar and Tao, 2016). Ina
centralised wastewater treatment works, 47 kWhy, of low-grade waste
heat at modest quality (85 °C in water) could be recovered from biogas
turbines per m? of centrate (Moore and Auty, 2013; Ndam, 2017).
Ammonia has a higher volatility than water and so the vapors produced
during boiling will be relatively rich in ammonia compared to the

Application Ammonia state Ammonia purity Electrical efficiency Heat generation Heat quality
%wt %LHV %LHV -
Gas turbine” Gaseous” >20%"" 30-40%"" 60-70% >400 °C *; <100 °C ¢!
SOFC Gas™® >5%" 50-70%""' 30-50% >700 °C?
Low temperature AFC Aqueous / Gas™ <0.01% ™! 50-60%"°" - -
Cracking to Hy Gas' >5%5 - - -
Electrolysis to Hy Aqueous® <0.01%" - -

LHV - Lower heating value for ammonia (5.3 kWh kg’l); AFC - alkaline fuel cell; SOFC - solid oxide fuel cell.

2 Ammonia-fed or co-fueled with methane.

b (Kurata et al., 2017; Okafor et al., 2021a).

¢ (The Royal Society, 2020).

4 (Hewlett et al., 2020, 2019).

¢ (van Linden et al., 2022).

f (Dekker and Rietveld, 2006).

g (Patel et al., 2012).

h (Zhang et al., 2020).

i (Siddiqui and Dincer, 2019a).

i (Jackson et al., 2015).

k (Cooper and Botte, 2006; Vitse et al., 2005).
! ~50% high-grade and ~50% low grade heat.
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liquid-phase (Patek and Klomfar, 1995; Ukwuani and Tao, 2016). These
vapors are continously extracted by the vacuum pump, which enhances
the volumetric mass transfer coefficient and maintains the driving force
for ammonia mass transfer across the gas-liquid interface (Han et al.,
2022). While several studies on vacuum stripping are reported, there is
limited data on the composition of the vapor product. Bavarella et al.
(2020) applied vacuum thermal stripping to a 7.5 kg m~> aqueous
ammonia feed and condensed the vapors to produce a 101 kg m™
aqueous ammonia product. While the concentration factor compares
favorably to air and steam stripping, the product is below the specifi-
cation generally required for energy production, implying that further
purification stages are required (e.g., distillation). The product quality
also indicates substantial evaporation of water from the feed during
stripping. This will incur a high latent heat penalty which can represent
over 90 % of the total energy consumption for ammonia removal (Davey
etal., 2022). Consequently, further selectivity toward ammonia must be
fostered during the separation to improve the economic and environ-
mental viability for vacuum thermal stripping in wastewater treatment.

Fundamentally, vacuum thermal stripping is a distillation process
since it exploits the difference in volatility between ammonia and water
(Ukwuani and Tao, 2016; van Linden et al., 2022). In a binary
ammonia-water mixture, the fraction of ammonia in the liquid and
vapor phase at a specific temperature are related by the vapor-liquid
equilibrium (VLE). A model has been developed for estimation of the
ammonia-water VLE based on regression analysis of meta-data for ab-
sorption refrigeration from 0.5-20 bar (Fig. 1) (Patek and Klomfar,
1995). Separation of ammonia and water will occur in the two-phase
region bounded by the bubble and dew point curves. When the
liquid-phase (xy) is heated close to the upper boundary of the two-phase
region (T), a substantial fraction of ammonia will be released into the
gas-phase at equilibrium to leave a dilute final solution (x1). This will
produce a vapor phase which has a greater ammonia concentration than
the initial liquid phase (y;). Alternatively, when the liquid-phase is
heated close to the lower boundary of the two-phase region (T3), a
smaller fraction of ammonia is released from the feed (x3). However,
there will be an enhancement in selectivity for ammonia transport (the
more volatile component) relative to water. Consequently, the vapor
phase will exhibit a greater ammonia concentration than can be ach-
ieved at Ty. Based on the existing boundaries which have been theo-
retically derived for the VLE, we can postulate that the extraction of the
vapor phase during vacuum thermal stripping will continuously reset
this equilibrium and cause the liquid-phase ammonia concentration to
decline over time. Hence, a stripping process at T; will achieve rapid
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ammonia mass transfer, whilst operating at Ty will produce high purity
vapor but at a limited mass transfer rate. A purer vapor phase could be
directly applied for energy generation, obviating the capital cost and
energy requirements related to the downstream purification of
ammonia. Further, it would be associated with a lower fraction of water
vaporization from the feed, thereby minimising latent heat demand for
the process and increasing the energy efficiency for ammonia recovery.
Controlling temperature and pressure to achieve a setpoint within the
two-phase region may therefore introduce a disruptive breakthrough for
thermal stripping, by delivering an ammonia product at maximum
concentration and with minimum separation energy.

However, in the majority of research published on vacuum thermal
stripping of wastewater, a vacuum pressure of 0.25-0.27 bar and a
uniform temperature of 65 °C has been applied independently of the
feed concentration. The experimental conditions were selected to ach-
ieve vigorous boiling in the feed, and when overlaid onto the VLE, ev-
idence that the system was operated close to its dew point (65.1-65.3 °C)
(Fig. 2). Consequently, despite the prospective benefits to separation
energy and product purity, the two-phase region has not been explored
to date. Crucially, concentrated wastewater (xyg3<0.002) at 0.25 bar
exists at the lower limit of the VLE, which has not been well charac-
terized historically within the literature, since the focus has been on
ammonia-water refrigeration mixtures (typically xyu3>0.5) (Ganesh
and Srinivas, 2017; Raghuvanshi and Maheshwari, 2011). Prediction of
the two-phase region using extrapolated data may be particularly
challenging due to solvent-solute interactions between ammonia and
water which can influence the VLE (Tan et al., 2004). The precise width
of the two-phase region relevant for ammonia stripping from waste-
water is therefore uncertain, and experimental characterization is
necessary to establish the extent to which ammonia-water selectivity
can be controlled during ammonia stripping. The aim of this study was
to characterize the ammonia-water separation mechanism during vac-
uum thermal stripping and investigate the potential to exploit the
two-phase region to increase ammonia selectivity and facilitate
low-energy, high purity ammonia recovery from wastewater. Specific
objectives were to:

I benchmark ammonia separation in vacuum thermal stripping
through initially characterizing selectivity at the dew point to
compare against existing literature;

II transition from the dew point through the two-phase region to
determine the extent to which ammonia-water selectivity can be
manipulated;

80
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Fig. 1. VLE for NH3-H,0 at 0.25 bar defined using empirical method Eqs. (12) and ((13))
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Fig. 2. Operating points for vacuum thermal stripping of real and synthetic wastewater at 0.25-0.27 bar in previous work, placed within the context of the NH3-H,0

VLE Egs. (12) and ((13)).

III consider the potential for enhanced ammonia selectivity during
stripping as an enabler for ammonia to energy strategies in

wastewater treatment;

IV characterize stripping performance using concentrated waste-
water to investigate the impact of dissolved volatile compounds
and gases on the ammonia-water separation;

V explore the potential for chemical-free vacuum thermal stripping
to complement and enhance the prospective energy and cost
benefits when operating within the two-phase region.

2. Materials and methods

2.1. Experimental set-up

Vacuum thermal stripping experiments were conducted in a batch

Centrate /

synthetic wastewater

system developed at laboratory scale (Fig. 3). In each experiment, 0.5 kg
of feed was placed in a 1 L jacketed vessel and agitated using a magnetic
stirrer at approximately 450 rpm (SB151, Stuart Ltd., Stone, UK). The
feed was heated to 61, 63 or 65 +0.5 °C at atmospheric pressure (MPC-
K6, Huber, Offenburg, Germany). When the target temperature was
achieved, system pressure was reduced to 0.25 bar using a vacuum
pump in combination with a vacuum control valve (ME-1C, Vacuu-
brand, Wertheim, Germany; SS-4MA-MH, Swagelok, Kings Langley,
UK). Stripping temperature and pressure were monitored continuously
(Type K, RS Components, Corby, UK; PXM319-010GI, Omega Engi-
neering Ltd, Manchester, UK). Ammonia-rich vapor stripped from the
feed was drawn through a condenser operated at 3-5 °C with 250 cm?
surface area (Quickfit C6,/12/SC, Fisher Scientific, Loughborough, UK;
LT Ecocool 150, Grant Instruments, Cambridge, UK). Condensate was
stored in a chilled, jacketed vessel at 3-5 °C to prevent further ammonia

Ammonia — water
vapour

O [rpm] |

Magnetic stirrer

]

Chiller

2

P,

j Condenser

Vacuum bleed valve

L

Vacuum
pump

Condensate
collection

Vacuum trap

Fig. 3. Schematic of the vacuum thermal stripping experiment. TT and PT represent temperature and pressure transmitters, respectively.
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stripping. Each primary data point was collected in duplicate or tripli-
cate. Standard deviation is represented by error bars.

2.2. Wastewater preparation and analysis

Synthetic wastewater containing 1.5 g L' ammonia was produced
using deionised water (15 MQ c¢cm) and ammonium hydroxide (35 %wt,
Fisher Scientific, Loughborough, UK). Centrifuged sludge liquors origi-
nating from conventional anaerobic digestion (Centrate A) and
advanced anaerobic digestion (Centrate B) were sampled from sepa-
rately located wastewater treatment works in England (Table 2). Sodium
hydroxide was added to amend pH as required (97 %wt pearl, Fisher
Scientific, Loughborough, UK). Ammoniacal nitrogen and chemical ox-
ygen demand (COD) was determined using spectrophotometry with
proprietary cell tests (114558 & 114559 NH4-N, 11451 COD, Spec-
troquant cell tests, Merck-Millipore, Darmstadt, Germany). For the
centrate and distillate, soluble COD was determined following 0.45 pm
syringe filtration (Whatman, Maidstone, UK), whilst pH measurement
was conducted in a temperature-controlled environment at 21 °C (InPro
3250i/SG/120, Mettler-Toledo Ltd, Leicester, UK). Standard methods
2540B and 2540D were applied to determine total solids, suspended
solids and dissolved solids (APHA/AWWA/WEF, 2012). Centrate alka-
linity was determined by titration with hydrochloric acid (37 %, Fisher
Scientific, Loughborough, UK). Total inorganic carbon content (TIC)
was analysed using a TOC analyser (Shimadzu, Milton Keynes, UK).

2.3. Experimental analysis

Ammonia will partially dissociate in wastewater to form non-volatile
ammonium:

NHj ) + H,

g < NH

(€Y

aq)

The fraction of free ammonia in the feed can be estimated from the
pH and temperature (Eqgs. (2) and (3); Fig. Al):
1

O @

pKS = PKS 4, +0.0324 [298.15 - T))] 3

where @ is the fraction of free ammonia (-); pKj 298 and pKj 1 are the
negative logarithm of the acid dissociation constant at 298 K and T (K),
respectively [-]. The estimation of free ammonia Egs. (2) and ((3)) is
based on aqueous ammonia dissociation constants that were derived
experimentally (Bates and Pinching, 1949,1950). The validity of these
dissociation constants was confirmed through comparison with the
fundamental approach of van’t Hoff:

K, AHS /1 1
=L — ron [ 2 &
" R (T1 Tz) Q)
Table 2

Characterization of centrate used in this work, produced from full-scale AD fa-
cilities treating municipal wastewater sludge.

Parameter Centrate A Centrate B"
Origin Conventional AD Advanced AD"
Ammonia concentration, Cyys (g LY 1.0 2.0

pH () 7.8 8.0

Total COD (g L) 1.2 5.8

Soluble COD (g L™1) 0.4 0.3

Total suspended solids (g L") 0.2 0.3

Total dissolved solids (g LY 1.6 4.6

Total inorganic carbon (as C) (g LhH 1.0 1.7

Alkalinity (as CaCOs3) (g L™1) 3.7 6.9

AD - anaerobic digestion; COD - chemical oxygen demand.
# Characterization originally published by Davey et al. (2022)
b Raw sludge pre-treated by thermal hydrolysis prior to anaerobic digestion.
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where AH? _ is the enthalpy of reaction (-51965 J mole™!) and R is the
universal gas constant (8.314 J K ! mole ) (Puigdomenech et al.,
1997). The free ammonia fractions determined by direct measurement
(Bates and Pinching, 1949,1950) and those of the fundamental approach
(van’t Hoff) were within 2 % across the temperature range studied
(Appendix A2, Fig. A6). Eq. (2) therefore provides an empirical repre-
sentation of the fundamental equation in log10 space.

Ammonia mass transfer across the gas-liquid interface can be
described by the Lewis-Whitman model (Eq. 5) (Heile et al., 2017; Tao
and Ukwuani, 2015). The equilibrium concentration for dissolved
ammonia (Cyys*) approaches zero under vacuum conditions across all
temperatures applied in this work (Salavera et al., 2005; Ukwuani and
Tao, 2016). Integration of Eq. (5) from time = 0 to time = t provides a
straight-line function in which the gradient represents the volumetric
mass transfer coefficient (kpa) (Eq. (6)).

dc

dNt’” =k a (®Cys — Cryys) (5)

—In (CN’L‘-’) =k at 6)
CNH},O

where dCyps/dt is the rate of ammonia transfer across the gas-liquid
interface (g L~ ! h™1); ky, is the mass transfer coefficient for ammonia
(mh™); ais the specific interfacial area (m?m™3); Cnns is the dissolved
ammonia concentration (g L™Y); @ is the fraction of free ammonia (-); t is
stripping time (h); and subscripts 0 and t represent time = 0 and time = t.

During vacuum thermal stripping, the concentration of ammonia in
the feed and the total condensate mass were recorded over time. This
enabled a mass balance to determine ammonia removal from the feed
Egs. (7)-((9)) and the ammonia mass fraction within the stripped vapor
at any time (Eq. (10)). It was assumed that all stripped water was
captured by condensation at 3-5 °C and the feed density was equal to
that of pure water at the operating temperature due to its dilute nature
(XNHS < 0.002).

Vo="0 %)
p
v, = (my —m,) ®©
p
CNH3.UVU - CNH3.tVl
_ ) N 9
T Crmi Ve ©
C Vo — C V,
yNH&wr _ NH3.0 0 NH3t t (10)

me

where V is the feed volume (L); m is the feed mass (g); m. is the
condensate mass (g); and p is the feed density (g LY; NNHs3 IS ammonia
removal from the feed (%wt); ynus,wt is the mass fraction of ammonia in
the stripped vapor (%wt).

Ammonia selectivity during stripping could be estimated using the
equilibrium pressures of ammonia and water in the feed at the stripping
condition and could be experimentally measured based on the relative
amounts of ammonia and water removed from the feed over time:

I
Oy _Pynz _ MOINE3 11
Pro  Mmolmo

where aynps is the selectivity for ammonia during stripping (barnus
barﬁ%oor molyys molﬁ%o); pnus and ppgo represent the equilibrium
vapor pressures of ammonia and water, respectively (bar); and molyys
and molygo represent the amount of ammonia and water removed from
the feed, respectively (moles).

The empirical dew and bubble point curves for the ammonia-water
system were computed at 0.25 bar Eqs. (12)-((13)) (Patek and Klom-
far, 1995):
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TP, xyms) = To (1 — )™ {m (%)} ’ a2)

m P\ 1"
T4(P, yngs) = Tozi:ai(l —Ywm)* {l" (F())] 13

where Ty, is the bubble temperature (K) of the ammonia-water mixture at
the applied pressure P (0.25 bar) for a liquid-phase containing an
ammonia mole fraction of xyy3 (-); Tq is the dew temperature (K) of the
ammonia-water mixture at P for a vapor phase containing an ammonia
mole fraction of yyys (-); To is the reference temperature (100 K); Py is
the reference pressure (20 bar); aj, m; and n; are empirical coefficients
(Patek and Klomfar, 1995).

3. Results and discussion

3.1. Validation of empirical dew point as the upper limit for two-phase
region

To characterize vacuum thermal stripping close to the empirical dew
point and evaluate performance against previous literature, an initial
experiment was conducted at 65 °C and 0.25 bar. This corresponded to
the high mass transfer region identified along the pure water boiling
curve (Fig. 4) (Ukwuani and Tao, 2016). At this condition, 98 %wt
ammonia was stripped from the feed after 2.3 h (Fig. 5). The rate of
ammonia removal declined over time, as the driving force for mass
transfer became limiting (Eq. (5)). The volumetric mass transfer coef-
ficient for ammonia was determined as 1.4 h™? (Fig. A2). When nor-
malised against the interfacial surface area of the stripping vessel (16 m?
m~), this provided a mass transfer coefficient of 88 mm h~'. Thisisina
similar range to published data for vacuum thermal stripping of real
ammoniacal wastes (21-106 mm h™') at equivalent temperature and
pressure along the pure water boiling curve (Table 3), despite differ-
ences in feed depth and mixing condition used in each study, which may
influence the availability of dissolved ammonia at the liquid interface
and thus the mass transfer driving force (Eq. 5) (Guida et al., 2022; Tao
et al., 2019; Ukwuani and Tao, 2016). Ammonia removal had negligible
impact on the mass fraction of water in the feed (xg2o > 0.998), and
therefore on water vapor pressure (Appendix A2). This was evidenced by
the stable rate of water vaporization throughout (2 mol h1). Conse-
quently, there was a decline in ammonia selectivity as the separation
progressed (Fig. 5). At 65 °C, the equilibrium vapor pressures for water
and ammonia were estimated to be 0.249 bar and 0.008 bar using
Henry’s Law, respectively (Fig. 6). Ammonia selectivity, therefore, is
expected to be in the region of 0.03 which is in close agreement with the
experimental results (Eq. 11). This evidences that the empirical dew

100
High mass transfer region et +
identified at 0.25-0.27 bar and 65°C ___..+="""
o 80 O
e
2 .
TN e e Pure water boiling curve
@ Koot
g— 5 ‘ +  Ukwuani and Tao, 2016
7] o
= < 60 A X X Tian etal., 2019
o K
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Fig. 4. Operating points for vacuum thermal stripping in previous work, placed
within the context of the pure water boiling curve from 0-1 bar.
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Fig. 5. Vacuum thermal stripping of synthetic wastewater at 65 °C and 0.25
bar. Operational conditions: Cnusz,0, 1.5 8 L7%; initial feed mass, 0.5 kg; pH, 11;
condenser temperature, 3-5 °C.

point curve predicted for the solution was consistent with the feed
saturation curve. Limited data is available for the composition of
ammonia products from vacuum thermal stripping, as the vapor is
typically delivered into a downstream acid scrubber for ammonia cap-
ture (Han et al., 2022; Tao et al., 2019, 2018; Ukwuani and Tao, 2016).
In an example of vapor condensation, Guida et al. (2022) recovered 0.4
%wt aqueous ammonia after stripping a 0.6 g L~! feed. In this work, a
2.1 %wt ammonia vapor was recovered after the same period of strip-
ping. This is consistent with the higher initial feed concentration and
therefore the higher ammonia vapor pressure during the separation
(Bavarella et al., 2020).

3.2. Expanded two-phase region determined for selective ammonia
separation

The stripping temperature was reduced from 65 to 61 °C at 0.25 bar
to investigate the extent to which ammonia-water selectivity could be
modified when transitioning across the two-phase region of the VLE. The
rate of ammonia mass transfer was substantially influenced by the
stripping temperature across this narrow range (Fig. 7a). Since the mass
transfer driving force and the interfacial area were constant across all
experiments, the direct influence of temperature on the ammonia mass
transfer coefficient could be calculated (Eq. 6) (Salavera et al., 2005;
Ukwuani and Tao, 2016). The mass transfer coefficient reduced from 88
mm h™! at 65°C to 40 and 10 mm h™! at 63°C and 61 °C, respectively
(Fig. A2). Consequently, when compared after 1.5 h stripping then 91,
66 and 23 %wt ammonia removal was achieved at 65°C, 63°C and 61°C,
respectively. Operating below the pure water boiling temperature (65 °C
at 0.25 bar), and therefore below the activation energy threshold
necessary for bulk evaporation, also greatly restricted water transport
during stripping (Fig. 7b) (Prado and Vyazovkin, 2011). This is consis-
tent with thermal stripping at atmospheric pressures where water
vaporization reduced by an order of magnitude when temperature was
reduced from 102 to 86 °C (Tao and Ukwuani, 2015). Since lowering the
temperature had a disproportionately greater impact on the vapor-
ization of water during stripping, it subsequently enhanced the selec-
tivity for ammonia transport (Fig. 8). When stripping at 63 and 61 °C, an
enhancement in ammonia selectivity of up to 1 and 2 orders of magni-
tude was observed, respectively, compared to 65 °C. Unlike stripping at
65 °C, the results strongly deviate from the theoretical selectivity based
on the equilibrium vapor pressures of water and ammonia using Henry’s
Law (onpg3 ~ 0.033-0.034). This highlights a discontinuity in the
ammonia-water separation behavior when stripping below the dew
point and entering the two-phase region. Interestingly, selective
ammonia separation was demonstrated beyond the two-phase region
initially proposed within the VLE, as estimated by extrapolation from
ammonia-water mixtures across a higher concentration range relevant
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Table 3
Literature comparison for vacuum stripping ammoniacal wastes at 0.25-0.27 bar close to the dew point of the feed.
Feed Cnns,o NNH3 pH T HRT Depth” Stirring kia ky, Product Reference
gL! % °C h mm - h! mm h™!
Synthetic wastewater 1.5 79% 11 65 0.8 60 Yes 1.4 88 2.1%wWt () This study
Synthetic wastewater 1.5 98% 11 65 2.3 60 Yes 1.4 88 0.9%Wt (v)c
Synthetic wastewater 0.6 74% 10 65 0.8 60 Yes 1.7 106" 0.4%Wt (aq)c Guida et al. (2022)
Ion exchange brine 0.6 44% 10 65 0.8 60 Yes 0.7 44° 0.4%Wt (aq).
Co-digestate 2.1 95% 9.5 65 6 180 No 0.5" 67" (NH4)2804 (aq) Han et al. (2022)
Hydrolysed urine 10 72% 9.3 65 12 200 No 0.1 21" (NH4)2S04 (aq) Tao et al. (2019)
Municipal digestate 1 93% 9 65 5 170 No 0.6 100° (NH4)2S04 (aq) Tao et al. (2018)
Dairy digestate 1.9 63% 9 65 5 170 No 0.2 32" (NH,)2504 (agy
Dairy digestate 1.6 96% 9 65 1.5 23 No 0.6 37 (NH4)2S04 (aq) Ukwuani and Tao, (2016)
Municipal digestate 1.1 28% 9 65 2 180 No 0.2" 24" (NH4)2504 (aqy
T — temperature; P- pressure; HRT — hydraulic residence time.
? Feed depth estimated using on vessel data and fill volumes provided.
b Calculated based on data provided (Eq. 6).
€ Ammonia concentration in recovered product.
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for absorption refrigeration (Patek and Klomfar, 1995). In practice, % 1 3
solute-solvent interactions will affect the strength and type of intermo- 5 ]
lecular forces between ammonia and water, which can introduce un- 3 T 1
certainty for individual component volatilities (Atkins and De Paula, § E 01
2006; Tan et al., 2004). Further complexity is introduced by the polar £ ]
contribution of ammonia bonds which will influence interactive forces £ 001 T T
between molecules (Atkins and De Paula, 2006). These effects may be = T X I S X
compounded by the highly dilute nature of the feed, therefore reducing 1 J + J J
the empirical predictability of the ammonia-water separation. Interest- 0.001 . . . . . -
ingly, the separation appears to conform more closely to the two-phase 0 1 2 3 4 5 6 7

region bounded by the bubble point curve derived from Raoult’s Law,
which considers a mixture of two pure components (Fig. 9) (Appendix
A2). A Raoult’s Law approach predicts ammonia selectivity to be an
order of magnitude greater due to the higher contribution of ammonia
towards the total vapor pressure and is therefore a closer approximation
for experimental selectivity measured at 63 and 61 °C. Reducing strip-
ping temperature across this experimentally determined two-phase re-
gion enhances selectivity for ammonia, while simultaneously lowering
the rate of ammonia mass transfer consistent with the principles of
distillation. Whilst ammonia selectivity at 61 °C appears to have
exceeded the theoretical limits of the VLE, the low vapor velocity at this
condition may have facilitated partial water condensation and vapor
rectification within the boundary of the reactor, analogous to the
installation of a demister at the reactor outlet (Ukwuani and Tao, 2016).

Stripping time (h)

Fig. 7. Influence of temperature during vacuum thermal stripping of synthetic
wastewater at 0.25 bar on (a) ammonia removal from the feed and (b) the water
vaporization rate. Operational conditions: initial Cyus, 1.5 g L~%; initial feed
mass, 0.5 kg; pH, 11; condenser temperature, 3-5 °C.

3.3. Stripping within two-phase region supports ammonia to energy
strategies

Manipulation of the stripping temperature within the two-phase re-
gion defined in this work could facilitate low energy, high purity
ammonia recovery and has implications for ammonia to energy flow-
sheets within wastewater treatment. At 65 °C, low ammonia selectivity
led to the production of vapor containing 1-5 %wt ammonia (Fig. 10a).
Substantial water vaporization incurred a high latent heat penalty of up
to 91 kWhy, kgx! (Fig. 10b). The dilute vapor could be directly
condensed to produce aqueous ammonia for utilisation in low temper-
ature alkaline fuel cells (AFC) or for electrolytic hydrogen production
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Fig. 8. Ammonia selectivity during vacuum thermal stripping of synthetic
wastewater at 65, 63 and 61 °C and 0.25 bar. Operational conditions: initial
Cnuz, 1.5 8 L~Y; initial feed mass, 0.5 kg; pH, 11; condenser temperature,
3-5°C.

(Table 1) (Davey et al., 2022; Lan and Tao, 2014; Vitse et al., 2005).
Increasing the ammonia concentration will significantly enhance fuel
cell power density or increase the rate of hydrogen evolution, therefore
reducing cell size and cost (Cheddie, 2012; Davey et al., 2022; Zhang
et al., 2020). This could be achieved by reducing the stripping temper-
ature to 63 °C to generate concentrated ammonia vapor in the range
2-38 %wt. This is of sufficient quality to directly fuel a high efficiency
solid oxide fuel cell (SOFC) which would avoid an intermediate
condensation stage, liquid handling and the associated energy demand
and exergy losses (van Linden et al., 2022). Alternatively, the addition of
a downstream rectification stage could reduce the water content and
increase the gas-phase ammonia concentration to enhance SOFC power
density and expand options for energy generation (Teichgraber & Stein,
1994). Reduced water transport at 63 °C will limit the latent heat pen-
alty below 35 kWhy, kgy'. By further reducing the stripping temperature
to 61 °C, a 43-64 % ammonia vapor was generated. Removal of the
excess water vapor using a chiller or an advanced dehumidification
process (e.g., desiccant coated heat exchanger) could produce a pure
ammonia gas product to fuel an SOFC, co-fire a biogas turbine, be
cracked into hydrogen or liquified to produce anhydrous ammonia
(Venegas et al., 2021). Very high ammonia selectivity at 61 °C means

Water Research 248 (2024) 120856

that the production of the most energy dense and flexible ammonia
product is associated with the lowest latent heat penalty (1 kWhg, kgx1).
This compares to 3-5 kWhe kgy' for mainstream biological nitrogen
removal which is conventionally employed in wastewater treatment
(Garrido et al., 2013; Wett, 2006). As a thermally driven process, vac-
uum stripping could recover sensible heat within the system boundary to
reduce external heat demand. In the context of a centralised wastewater
treatment works, waste heat sources are also available at an appropriate
heat quality for use (e.g. biogas combustion in CHP engines). Where an
extrinsic heat source is required, the cost for importing 1 unit of heat
(kWhy,) is historically around four times lower than 1 unit of electricity
(kWh,) thus offering a potential cost benefit (Department for Business,
Energy and Industrial Strategy, 2022). To overcome the limited rates of
mass transfer during vacuum stripping at high selectivity, translation
from a batch vessel to a continuous stripping column may be necessary.
Packed columns will facilitate intensified rates of ammonia mass
transfer by providing a high interfacial area. Vacuum thermal stripping
close to the bubble point (k;, = 10 mm h Hina packed column with an
interfacial area of 400 m? m~2 could theoretically provide a volumetric
mass transfer coefficient of 3.4 h™!. Mass transfer could then become
competitive with thermal air strippers (3-5 b employed commercially
for ammonia removal from concentrated wastewaters (Gustin and
Marinsek-Logar, 2011; Jiang, 2009; RVT, 2015).

3.4. Predictable ammonia-water separation behavior for wastewater

Vacuum thermal stripping was conducted using two centrates from
full scale AD with different designs (Table 2), and the ammonia-water
separation behavior compared to that achieved within synthetic
wastewater. The intent of the validation was to confirm that vacuum
stripping behaves comparably with a real wastewater where solution
chemistry (e.g. salting out) and the presence of volatile species could
modify selectivity. Vacuum stripping was compared close to the dew
point (65 °C, 0.25 bar) since this offers the greatest mass transfer rate,
and therefore the greatest risk of the co-transport of other species.
Centrate A was produced from a conventional AD plant and comprised a
dissolved ammonia concentration of 1.0 g L™}, whereas Centrate B
originated from an advanced AD (AAD) plant and had an ammonia
concentration of 2.0 g L. The higher ammonia concentration in Cen-
trate B arises from the thermal hydrolysis of raw sludge in AAD. Thermal
hydrolysis breaks down organic matter through intracellular lysis to
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Fig. 9. Experimental ammonia vapor quality during transition through two-phase region plotted on VLE for NH3-H,O at 0.25 bar.



B. Lugmani et al.

(a) —0—65C ——63C 61C
100% 1

10%

1% 4

Ammonia mass fraction in vapour
(%wt)

0% T T T T T T
0 1 2 3 4 5 6 7

Stripping time (h)

(b) 100
1 Fm/ao/(/wr
=4
o
o
E 10 A
S
- =
5 3 T 1
Efco 1 4 T P L O o #_{ —
o £ T al P HJ
T £ —=| X1
= 2 J
IS
£ 0.1
Q
=
o
[
Q.
wv
0.01 T T T T
0% 20% 40% 60% 80% 100%

Ammonia removal from feed (%wt)

Fig. 10. Influence of temperature during vacuum thermal stripping of synthetic
wastewater at 0.25 bar on (a) the mass fraction of ammonia in the vapor phase
and (b) the specific thermal demand for ammonia stripping. Operational con-
ditions: initial Cyys, 1.5 g L™'; initial feed mass, 0.5 kg; pH, 11; condenser
temperature, 3-5 °C.

increase the availability of microbial nutrients and enhance biogas yield
(Wilson and Novak, 2009). During this process, the dissolved ammonia
concentration increases due to the conversion of organic nitrogen and
the hydrolysis of proteins in the sludge (Ndam, 2017; Wilson and
Novak, 2009). This disruption of cell and floc structure also alters the
wider matrix chemistry which can increase the concentration of dis-
solved organic matter, gases and volatile compounds within the
liquid-phase which could interact with the ammonia-water separation
(Bougrier et al., 2008; Ndam, 2017). After 1.5 h stripping, 88 %wt and
86 %wt ammonia was removed from Centrate A and B, respectively (pH
11, Fig. 11a). Ammonia mass transfer coefficients were 95 and 87 mm
h! for Centrate A and B, respectively, comparable to that of synthetic
wastewater at the same condition (88 mm h™1) (Fig. A3). A greater
ammonia selectivity was observed for Centrate B, in line with its higher
concentration and higher ammonia vapor pressure (Fig. 11b). Similar to
stripping synthetic wastewater close to the dew point, the experimen-
tally derived selectivity was in good agreement with theoretical values
predicted by Henry’s Law for Centrate A (anps3 ~ 0.02) and Centrate B
(anu3 = 0.04). Consequently, the results indicate that despite the com-
plex characteriztics and presence of other dissolved species within real
wastewater, the ammonia-water separation behavior can be described
through the binary VLE. After 1.5 h stripping, condensate produced from
Centrate A had the lowest concentration (0.8 %wt) whilst condensate
from Centrate B had the highest concentration (1.9 %wt) (Table 4). This
reflected the higher initial concentration in Centrate B and therefore the
greater driving force for ammonia mass transfer (Eq. 5). Both centrates
yielded colourless condensate (Fig. A4). Interestingly, soluble COD of
0.42 and 0.24 g L™! was present in condensate from Centrate A and
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Fig. 11. (a) Ammonia removal and (b) ammonia selectivity over time during
vacuum thermal stripping of synthetic wastewater, Centrate A and Centrate B at
65 °C and 0.25 bar. Operational conditions: initial feed mass, 0.5 kg; pH, 11;
condenser temperature, 3-5 °C.

Table 4
Outcomes for vacuum thermal stripping synthetic and real wastewater for 1.5 h
at 65 °C and 0.25 bar.

Parameter Synthetic Centrate Centrate
wastewater A B

Ammonia removal (%wt) 90% 88% 86%

ki (mm h™1) 88 95 87
Ammonia fraction in condensate (% 1.3% 0.8% 1.9%

wt)

Condensate pH (-) 12.2 9.8 10.5°
Condensate sCOD (g L™ 1) - 0.42 0.24°

# Values originally published by Davey et al. (2022)

Centrate B, respectively. This indicates that volatile organic compounds
(VOCs) were co-transported during stripping. The presence of VOCs may
explain why pH values were lower than expected, when compared
against synthetic ammonia solutions of equivalent concentration
(Davey et al., 2022). While further work is required, it may be possible to
reduce VOC transfer by stripping within the two-phase region where
water evaporation is limited to subsequently minimise product
contamination. Mitigating the co-transport of dissolved compounds
during stripping could have particular significance for the efficiency or
lifetime for downstream generation technologies. For example, trace
amounts of hydrogen sulphide (>1.0 mg m~>) and siloxanes (>0.2 mg
m*3) which are present in wastewater can cause fatal cell degradation in
SOFC (Papadias and Ahmed, 2012; Sasaki et al., 2011).
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3.5. In-situ decarbonisation facilitates chemical-free vacuum thermal
stripping

Raising the wastewater pH will increase the fraction of free ammonia
and therefore favor mass transfer rate, selectivity and energy demand
during vacuum thermal stripping (Fig. A1). Increasing Centrate A and B
from pH 7.8 and 8.0 up to pH 11 demanded 135 and 275 molyaon m 3,
respectively (Fig. A5). The increased chemical demand for Centrate B
was consistent with its higher pH buffering capacity as indicated by
alkalinity (Table 2). To overcome high buffering capacities within
concentrated wastewaters, chemical addition for pH amendment will
incur a substantive cost to ammonia recovery and is contrary to strategic
roadmaps for net zero carbon and low chemical wastewater treatment
(Water Europe, 2021; Water UK, 2020). Direct stripping of Centrate A
and B without pH amendment was explored as an alternative treatment
option (Fig. 12). Interestingly, both centrates exhibited a rapid increase
in pH during vacuum thermal stripping at 65 °C and 0.25 bar. After 0.2
h, both feeds had increased above pH 9. After 1.5 h, a 67 % and 80 %
decline in total inorganic carbon was observed for Centrate A and B,
respectively, indicating that CO5 desorption had occurred during strip-
ping. Dissolved CO2 contributes to wastewater acidity and decarbon-
isation by air stripping at low gas-liquid ratios has been previously
explored for chemical-free pH amendment prior to ammonia stripping
(Kang et al., 2017; Cohen & Kirchmann, 2004). In this work, a maximum
pH of 9.4 was achieved during stripping. This is consistent with the
bicarbonate equilibrium, which indicates that less than 0.01 % free COy
is available above pH 9.4, limiting further decarbonisation beyond this
point (Bavarella et al., 2022; Kang et al., 2017). Thus, the increase in
feed pH by CO; stripping enabled continuous ammonia stripping
without pH amendment. After 1.5 h, 69 %wt and 65 %wt ammonia had
been removed from Centrate A and B, respectively. Based on the stable
trajectory of ammonia removal and the final pH (9.2) after 1.5 h, it is
likely that ammonia removal would have continued if the experimental
stripping period had been extended. However, the fraction of ammonia
removal was lower than observed for Centrate A and B at initial pH 11
under the same stripping conditions after 1.5h (Fig. 11a). A lower rate of
ammonia removal indicates that a lower fraction of free ammonia (®)
was available during stripping, therefore reducing the mass transfer
driving force (Eq. 5). This is consistent with the chemistry of ammonia
speciation at 65 °C, which suggests that operating at pH 11 will release
100 % free ammonia whilst operating at pH 9 will release 92 % free
ammonia (Fig. Al). In accordance with Le Chatelier’s principle, the
continuous removal of ammonia from solution will prompt the break-
down of ammonium and develop a dynamic chemical equilibrium (Eq.
1) (Licon Bernal et al., 2016). This enables ammonia removal to progress
at a stable rate in systems where less than 100 % free ammonia is
available at any time. The breakdown of ammonium is associated with
the release of protons which can lower the solution pH. This was
observed during ammonia extraction from batches of dilute wastewater
using membrane contactors where regular addition of alkali was
necessary to maintain a high pH and facilitate a consistent rate of mass
transfer (Licon Bernal et al., 2016). In this work, pH values for Centrate
A and B were relatively consistent despite progressive ammonia
removal. This can be attributed to the high buffering capacity of centrate
to resist pH change, which supported continuous chemical-free
ammonia stripping from the complex wastewater matrix. The
co-transport of CO2 will yield a ternary gas phase. The CO2-NH3-H20
ternary phase diagram is complex (Sutter et al., 2017), and can comprise
solid product formation, including the formation of crystalline ammo-
nium bicarbonate (Bavarella et al., 2022). Based on the ammonia-water
mass balance, we propose that gas products formed across the two-phase
region of the VLE are primarily within areas of the ternary phase dia-
gram which preference formation of either gas or gas-liquid products,
but further work should be conducted to relate product quality to solids
formation mechanisms to mitigate risk of vacuum pump damage (which
we did not observe during this study).
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Fig. 12. Vacuum thermal stripping of Centrate A and Centrate B at their nat-
ural pH at 65 °C and 0.25 bar. Centrate A: initial Cyys, 1.0 g L™ and initial pH,
7.8. Centrate B: initial Cyys, 2.0 g L~! and initial PH, 8. Operational conditions:
initial feed mass, 0.5 kg; pH measurements conducted at 21 °C.

4. Conclusion

This study provides the first experimental characterization of the
vapor liquid equilibrium within the concentration range relevant to
ammonia stripping. Vacuum stripping at the dew point provides mass
transfer consistent with published data, and the ammonia selectivity
closely corresponded to empirical modelling of the VLE. However, the
two-phase region enables a substantial enhancement in ammonia
selectivity. The mechanism introduced exposes an entirely new region in
which to operate stripping that can reduce separation energy by two
orders of magnitude versus current proposed approaches which can
require multiple separation stages to achieve comparable product
quality. Existing correlations poorly describe the lower limit of the two-
phase region relevant for wastewater, since they are extrapolated from a
considerably higher concentration range and cannot account for com-
plex intermolecular forces arising from solute-solvent interactions
involving polar ammonia. This study demonstrates it is possible to
facilitate considerably richer ammonia gas product within this region
that can be exploited as a net zero fuel with relatively minimal
upgrading. Validation on real wastewater achieved comparable
ammonia mass transfer for centrates of different origin indicating so-
lution chemistry, and the presence of other components (e.g. VOCs) do
not appreciably change the relative operating position within the VLE.
In future work, vacuum stripping of real wastewater should be con-
ducted at the lower boundary of the two-phase region to confirm sepa-
ration is commensurate to that of the synthetic solution. Assessment on
real wastewater confirmed vacuum enables simultaneous CO, degass-
ing, raising pH sufficiently to enable chemical-free ammonia stripping.
Vacuum stripping within the two-phase region can therefore produce a
rich ammonia product relevant for the emerging ammonia and hydrogen
economies through a chemical free and low energy processing route that
offers a triple carbon benefit to the water sector.
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