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The knowledge of the speciation and of the supersaturation of aqueous solutions of CO, and NHjs is pivotal
for the design and optimization of unit operations, e.g. absorption or crystallization, in the framework of
ammonia-based CO, capture systems. For this information to be available, however, complex analytical
techniques and significant experimental effort are required. This work introduces a methodology for the
estimation of the concentration of species in aqueous ammonia solutions of ammonium bicarbonate by
using attenuated total reflection infrared spectroscopy (ATR-FTIR) and spectral modeling based on least
squares methods. In particular, the methodology can be exploited for the on-line monitoring of the liquid

Received 27th March 2019, composition of crystallizing suspensions of ammonium bicarbonate for which the information on the spe-

Accepted 2nd May 2019 ciation is combined with a rigorous thermodynamic model to compute the activity-based supersaturation.
Finally, this work paves the way for the estimation of the crystallization kinetics of ammonium bicarbonate

formation in agueous ammonia solutions which is of great importance for the design of industrial CO,
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1 Introduction

The characterization of the CO,-NH;-H,O system in terms of
the liquid phase reactions and of the solid-liquid equilibria
that can be established at the relevant operating conditions is
based on extensive experimental work carried out almost one
hundred years ago."™ Furthermore, thermodynamic models
capable of computing such equilibria have been developed
with the aim of designing and optimizing relevant industrial
processes such as wastewater and flue gas treatment, and en-
hanced oil recovery.® As an example, the Chilled Ammonia
Process (CAP) developed by Alstom Power captures green-
house gases from large CO, point sources such as power
plants by means of aqueous ammonia solutions.” Several vari-
ants of the process exist; among them the so-called Con-
trolled Solid Formation-Chilled Ammonia Process (CSF-CAP)
allows for the precipitation of ammonium bicarbonate
(NH4HCO3, in the following also “BC”) to lower the specific
energy demand of the process by increasing the CO, uptake
capacity of the solvent system.” In this process, the informa-
tion about the phase equilibria and the kinetic effects of
chemical reactions and mass transfer are key for the design
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capture absorption processes that exploit solid formation.

and optimization of a continuous crystallization section fully
integrated with the rest of the capture plant.® Retrieving crys-
tallization kinetics of BC for this system is complicated by the
high volatility of the solutes,” .e. NH; and CO,, and requires
the information on the speciation of the solution for the com-
putation of the driving force of the crystallization process, i.e.
the supersaturation. In this regard, the use of available ther-
modynamic models,>® usually fitted on vapor-liquid equilib-
rium data and only on a limited amount of liquid speciation
data,'®* leads to inaccurate estimates of the BC solubility.

The call for an improved accuracy in the description of the
solid-liquid equilibrium of BC in aqueous ammonia solutions
motivated this work in which a methodology for the measure-
ment of the speciation of aqueous ammonia solutions of am-
monium bicarbonate is developed. attenuated total reflection
Fourier-transform infrared spectroscopy (ATR-FTIR)'>'® has
been used to measure the overall carbon concentration, as
well as the equilibrium speciation in solution. The advantage
of such a technique over Raman spectroscopy, also used to
study properties of this system,"*™"” is that it allows for liquid-
phase concentration monitoring exclusively, in spite of the
presence of a solid phase suspended. The analysis of the IR
spectrum of the mixtures reveals complex overlaps of the
bands of the individual components that have been resolved
by means of a simple but effective classical least squares
(CLS) method. Then, the information retrieved has been used
to estimate the solutes concentration while fulfilling the mass
and charge balances in solution.

This journal is © The Royal Society of Chemistry 2019
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The BC solubility and the concentration estimates of the spe-
cies in saturated aqueous ammonia solutions of BC at different
nominal ammonia concentrations in the solvent (between 0 and
3% wt) have been, at first, compared to the literature data in the
temperature range 8-23 °C. Then, they have been used to improve
the accuracy of the description of the liquid-solid equilibrium of
ammonium bicarbonate by using a thermodynamic model.

The article is organized as follows: section 2 introduces the
thermodynamics of the system and, in particular, it discusses
the electrolyte species that form in aqueous solutions of ammo-
nia and CO, and the chemical reactions involved. In section 3,
the experimental setup, the analytical methods and the charac-
terization techniques used are discussed with particular em-
phasis on the preparation of the standard analytes for the ATR-
FTIR calibration measurements. Section 4 provides a descrip-
tion of the mathematical model used to resolve complex
overlapping spectra and the estimation of the concentration of
the individual species. Finally, in section 5 the methodology is
applied to the case of real mixtures containing CO,, NH;, and
H,0 and a rigorous thermodynamic framework for the estima-
tion of the supersaturation of aqueous ammonia solutions of
ammonium bicarbonate is established.

2 The CO,-NH3z-H,0 system

The CO,-NH3;-H,O system is a highly volatile system charac-
terized by the following vapor-liquid-solid equilibria.’*>"*
Vapor-liquid equilibria:

CO,(g) = CO(aq) ey
NH;(g) = NH;(aq) (2)
H,0(g) = H,0 (3)
Liquid speciation:
NH;(aq) + H,O = NH," + OH" (@)
CO,(aq) + H,O = H' + HCO;~ (5)
HCO; = H' + C0O;* (6)
H,0 = H' + OH~ (7)
NH;(aq) + HCO;~ = NH,COO™ + H,0 (8)

Solid-liquid equilibria:

NH," + HCO; = NH HCO5(s) 9)
NH," + NH,COO™ = NH,COONH,4(s) (10)
2NH4+ + C032_ +H, = (NH4)2C03'H20(S) (11)

4NH," + CO;>” + 2HCO;™ = (NH,),CO3-2NH,HCO;(s) (12)

This journal is © The Royal Society of Chemistry 2019
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Due to the operating conditions adopted, the formation of
H,O(s) (ice) has not been included in the set of solid-liquid
equilibria considered.

Each of the equilibrium reaction of eqn (1) and (12) can
be expressed as an equation of the form

AGY(T)
_WZZ‘}W Ing, (13)

where AG;(T) is the change in standard state Gibbs free en-

ergy for reaction j at the temperature 7, a; is the activity of
the i-th component, and v;; is the stoichiometric coefficient
of component 7 in the reaction j. In order to compute the
equilibrium phase composition of a mixture of CO,, NHj,
and H,O0, eqn (1)-(8) must be brought in a form like eqn (13)
and solved simultaneously. Extent of reactions can be used
as iteration variables instead of the amounts of individual
components to fulfill automatically the electroneutrality
condition:

My, T My — Moy~ ~ Muco,- ~ 2Mco~ ~ Myp,coo- = 0 (14)

where m; is the molality of the i-th component in the liquid
phase.

After the equilibrium composition is found, eqn (9)-(12)
are consulted to verify the presence of any solid phase. If one
or more solid phases are formed, the corresponding
equation(s) must be solved together with eqn (1)—(8).

Despite the fact that water and ammonia are completely
miscible in the range of operating conditions explored, am-
monia is considered a solute rather than a solvent. This
choice allows for the application of the traditional tabulated
standard state chemical potentials (NIST Tables) to ions and
non-dissociated molecules for the equilibria calculations in
water-ammonia-salt mixtures performed with the extended-
UNIQUAC model as well as for the computation of the activ-
ity of NH3(aq) in solution.

This work uses molality, m, as solute concentration
(mole of component per unit mass of water), where the sol-
vent itself is a reactive species. Additionally, the concentra-
tions of the components must satisfy the following overall
mass balances, in addition to the charge balance of
eqn (14).

_ _ _ _ _ (s)
e, ~Mco, ~Muco y mcof’ mNHZCOO’ z Vich; = 0 (153)
J

(15b)

4

() =
Mo ™ My ™ M~ M oo ZV‘/vaj =0
i

In eqn (17), mc,, and my,  are the overall concentration
of carbon and nitrogen in the system, m}s), vj,c and v; y are re-
spectively the concentration of the j-th solid in the system
(eqn (9)-(12)) and its carbon and nitrogen stoichiometric
coefficients.
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In our experimental setup, the presence of a gas phase,
consisting mainly of inert air, leads to the evaporation of
CO,, NH;, and H,0. This phenomenon can be minimized by
reducing the dead gas volume of the reactor (see sec. 3.2.1),
thus allowing to neglect the presence of a gas phase in the
mass balances.

In this work, mixtures containing CO,, NH3, and H,O have
been obtained by dissolving BC in aqueous ammonia solu-
tions at different nominal ammonia concentrations in the
solvent (up to 3% wt). While ammonium bicarbonate in wa-
ter dissociates by forming equimolar mixtures of CO, and
NH; (before speciation), the presence of an excess of ammo-
nia shifts the ratio between the total nitrogen and carbon
content, ¢, to values greater than one, and significantly af-
fects the speciation in solution.

The overall composition of such systems can be identified
in the ternary diagram shown in Fig. 1; each point in the dia-
gram corresponds to the overall mass fraction of equivalent
CO,, NH3, and H,O (regardless of the liquid speciation and
of the number of phases present at a given temperature and
pressure). Additionally, the composition of the solid com-
pounds (eqn (9)-(12)) are shown as black points. Mixtures
characterized by a molar ratio { of one are represented by the
isopleth (dashed black line) that connects the composition of
the BC salt to the pure water vertex, while the other two iso-
pleths drawn represent systems that are characterized by a
molar ratio  of 1.3 and 2.0.

As a consequence of the equilibria of eqn (1)-(8), when
comparable amounts of nitrogen and carbon are present in
the system ({ =~ 1), the equilibria of eqn (4)-(5) leads to

15°C 12.0

HZO

©
(¢,
pH[-]

7 7

7 7

08 NH3 7.0

Fig. 1 Ternary phase diagram for the CO,-NH3-H,O system at 15 °C
and 1 bar obtained using the thermodynamic model proposed by
Darde et al.° The compositions are expressed in weight fractions and
its construction and use have been described in detail elsewhere.®
The black dots (@) indicate the composition of the stable solid phases,
namely ammonium bicarbonate (BC), ammonium carbonate
monohydrate (CB), ammoniumsesquicarbonate (SC), and ammonium
carbamate (CM). The dashed isopleths (black lines) refer to CO,, NHs,
and H,O mixtures characterized by a constant ratio, {, between the
nitrogen and carbon species, while a colorcode is used to indicate the
pH of the liquid phase calculated using the thermodynamic model
proposed by Darde et al.®

7 — 7
0.2 0.6
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mildly alkaline solutions in which the ammonium and bicar-
bonate ions are the main species present (see sec. 5.6). As the
value of { becomes larger than one, the mixture becomes
more and more alkaline (see the pH of the liquid phase
shown in Fig. 1 using a color code) shifting the carbon speci-
ation towards the carbonate and carbamate species.

3 Experimental section
3.1 Materials

Electrolyte solutions have been prepared using analytical
grade chemicals purchased from Sigma-Aldrich (Buchs, Swit-
zerland) and Milli-Q water (18.2 MQcm at 25 °C). Ammonium
bicarbonate (NH,HCOs3, BioUltra, >99.5% pure), ammonium
chloride (NH,Cl, BioUltra, >99.5% pure), potassium bicar-
bonate (KHCOj;, BioUltra, >99.5% pure), and potassium
carbonate (K,COsz, BioUltra, =99% pure) have been used
without further purification.

The formation of potassium carbonate hydrates has been
minimized by exploiting a drying step of the raw material at
100 °C under vacuum for a period of about 5 hours.

Ammonia solutions have been prepared by diluting com-
mercial ammonium hydroxide solutions (Sigma-Aldrich,
puriss. p.a., reag. ISO, reag. Ph. Eur. 25% wit).

3.2 Experimental setup and analytical methods

3.2.1 Experimental setup. The equilibrium CO, partial
pressure of aqueous solutions of NH,HCO;(aq) and
KHCO;(aq) exceeds by far the atmospheric pressure in the
range of salt conditions explored in this work, eventually
leading to a substantial material loss due to solute evapora-
tion. The problem has been overcome by using a jacketed
sealed vessel described in detail elsewhere’ that allows to
maintain samples under their own vapor pressure, thus mini-
mizing CO, or NH; losses from the liquid phase. In our ex-
perimental setup, the evaporation of CO,, NH;, and H,O to
the vapour phase, consisting mainly of inert air, has been
minimized by almost completely filling the reactor with the
liquid during operation. The vessel's maximum operating
pressure has been set to 5 bar and an impeller speed of 400
RPM has ensured adequate mixing. The process temperature
control has been performed by means of a CC230 thermostat
(Huber, Germany) connected to a Pt-100 probe immersed in
the liquid phase of the reactor acquiring data at a frequency
of 30 s7".

The immersion probes of the monitoring tools such as the
ATRFTIR and FBRM have been connected to the reactor by
means of custom-made pressure connectors installed in the
lid of the vessel (the interested reader is referred to the ESIt
for an illustration of the experimental setup).

3.2.2 Analytical methods. The preparation of electrolyte so-
lutions of inorganic salts used in this work has been carried
out with a PG8001 analytical balance (Mettler-Toledo, Switzer-
land). The balance readability and maximum capacity are 0.1
g and 8.1 kg, respectively; and the estimated accuracy of the
static measurements is +0.23 g.

This journal is © The Royal Society of Chemistry 2019
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The concentration of commercial ammonium hydroxide
solutions has been measured by acid-base titration using a
702 SM Titrino (METROHOM, Switzerland) and a 1 M HCI so-
lution as titrant.

3.2.3 Preparation of aqueous Ammonia solutions of am-
monium bicarbonate. Aqueous ammonia solutions of BC
have been prepared by dissolving specific amounts of ammo-
nium bicarbonate in aqueous solution containing ammonia
at the nominal concentration of 0, 2, and 3% wt, respectively.
Since ammonium bicarbonate represents the only source of
carbon in the system, the overall carbon and nitrogen bal-
ances for the liquid phase can be written as follows:

1 _ ) _
mg}?OL = mfl, = Mco, + Muco,- + Mco,- + Mnu,coo- (16)

+m (17)

= My, M NH,CO0™

where m%J,OL and ml(\ll)yOL are the overall carbon and nitrogen
concentration in the liquid phase, m§H3 is the nominal con-

centration of ammonia in the initial solution (that plays the
role of solvent for BC), and mg% is the overall concentration
of ammonium bicarbonate in the liquid phase.

3.3 In situ characterization techniques

3.3.1 ATR-FTIR spectroscopy. ATR-FTIR spectroscopy has
been applied to monitor the liquid phase concentration. Due
to its low penetration depth, typically 2-3 um, the ATR probe
allows exclusively for liquid-phase monitoring also in the
presence of a suspended solid phase. Samples have been col-
lected using a ReactIR 45 m system (Mettler-Toledo, Switzer-
land), equipped with a 1.6 cm DiComp immersion probe and
a 6 internal reflections diamond ATR crystal. The number of
spectra have been collected in the 800-3000 cm™" region with
a wavenumber resolution of 4 em™ and averaged over 256
scans using an exposure time of 1 min. The ATR-FTIR back-
ground signal has been collected in air, at ambient condi-
tions, before every experiment.

3.3.2 Focused beam reflectance measurements. The device
used for focused beam reflectance measurements (FBRM) al-
lows for in situ determination of the chord length distribution
(CLD) of suspended particles. In this work, a laboratory-scale
FBRM device (Lasentec, Redmond, WA) has been used to detect
the onset of particle formation during the ATR-FTIR calibration
measurements and to monitor the complete dissolution of par-
ticles during BC solubility measurements in aqueous ammonia
solutions.” A 1 min measurement duration has been used for
all FBRM measurement at a laser speed of 2 ms ™.

3.4 IR peaks indentification

ATR-FTIR spectroscopic analyses of aqueous solutions are chal-
lenging due to the strong water absorption over the entire mid-
infrared spectral region. Nevertheless, characteristic and well
distinct IR-active bending modes of the species investigated in
this work, ie. NH,", NHj(aq), CO,(aq), HCO; , CO;>", and

This journal is © The Royal Society of Chemistry 2019
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NH,COO™ are observable in the spectrum of aqueous solutions
containing CO, and NH; (ref. 10, 11 and 25) (see Table 1). The
first step towards the resolution of such mixtures is repre-
sented by the isolation of the characteristic IR modes of each
individual component. Then, a set of ATR-FTIR standards of
the solute of interest can be prepared for calibration purposes.

Binary subsystems consisting of an inorganic salt and wa-
ter in which the ionic species of interest dissociate completely
with negligible speciation have therefore been selected. It has
to be acknowledged that, due to the electrolytic nature of the
solutes, the measurement of the IR spectrum necessarily em-
beds the absorbance of the solvent that can be removed dur-
ing post-processing.>® In this work the subsystems NH,Cl(aq),
KHCO;3(aq), K,CO3(aq), and NH;(aq) have been used to isolate
the characteristic peaks of the ammonium, bicarbonate, car-
bonate ions, and ammonia respectively.'* This was possible
thanks to the negligible extent of speciation of the single com-
ponents within each subsystem. The presence of spectator
ions such as K" and CI” is accounted for in the electro-
neutrality condition and does not affect the relevant dissocia-
tion equilibria. Moreover, their effect on the absorbance of
the solute of interest has not been significant in the range of
concentrations investigated.”” ATR-FTIR polythermal mea-
surements'”> have been performed using the aforementioned
subsystems in the thermostated, stirred and sealed vessel de-
scribed in section 3.2.1. The range of temperatures and con-
centrations selected for the different subsystems is represen-
tative of the range of equivalent CO, and NH; concentrations
investigated in this study and it is reported in Table 2. Sam-
ples of pure water, in the same temperature range, have also
been collected for background subtraction.

The dissolution of KHCO; in aqueous solution leads to a
slightly alkaline environment in a wide range of salt concen-
trations.”® The formation of CO;>~ and CO,(aq) according to
the equilibria of eqn (5)~(7) occurs as well, and a spontane-
ous depletion of HCO; in the liquid phase, albeit minimal,
is expected until the vapor pressure of CO, in the sealed reac-
tor reaches the equilibrium partial pressure of CO,(aq). Be-
cause of these phenomena, the analytical concentration of

Table 1 Main infrared band assignments of the species present in the
CO,-NH3-H,O system. The symbols v, v, and ¢ indicate the stretching
mode, the asymmetric stretching mode, and the bending mode of the
relevant molecules, respectively

Species Band position [em™] Assignment
H,0 1640 J(H,0)*°
CO,(aq) 2343 V4(CO,)*°
NH;(aq) 1111 O(NH,)*°
NH," 1458 O(-NH)*
CO;> 1395 Vva(-COP**
NH,COO~ 1120 V(-CN)'122:23
1413 v(-CN)'2
1545 O(-N-H)'H*?
HCO;™ (ref. 21) 1005 v,(-C-OH)
1300 5(-C-OH)
1365 »(-C-0)
1650 v,(-C-0)

React. Chem. Eng., 2019, 4, 1284-1302 | 1287
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Table 2 Set of standard solute concentrations and temperatures used for the species-wise ATR-FTIR calibration models

Compound Concentration [mol kg, ] Temperature [°C]
Sample no. 1 2 3 4 1 2 3 4
b_ b_ b_

NH,HCO;(aq) (miu-[] =0m) 1.76 2.02 2.31 2.64 5-25 10°-25 10°-25 16725

b_ b_ b_
NH,HCO;(aq) (m;l-[; =1.2m) 2.64 2.89 3.05 3.17 5-25 8°-25 127-25 14°-25

. 27 42 . -2 ) b 1372

NH,HCO,(aq) (m§H3 =1.8m) 3.06 3 3 3.53 5-25 67-25 87-25 37-25
KHCO;(aq) 1.79 2.14 2.48 2.83 5-25
K,CO;(aq) 0.25 0.35 0.45 0.55 5-25
NH,Cl(aq) 1.71 2.14 2.48 2.83 5-25
NH,(aq) 0.61¢ 1.25 1.93 n/a 5-25

@ ATR-FTIR detection limit for the NH,(aq). ® Temperature value corresponding to the onset of primary nucleation (see the ESI for further

information.

the KHCOj3(aq) standards has been corrected accounting for
the presence of CO;>” and CO,(aq) in solution using the geo-
chemical equilibrium software package EQ3/6 v. 8.0.>° The ex-
tent of speciation of the HCO; ion has been found anyhow
to be less than 5% wt. Similarly, the speciation of CO;>” in
the standard samples of K,CO;(aq) has not been observed
given the detection limit of the ATR-FTIR spectrometer.

Due to the acidic nature of NH,Cl(aq) solutions, the specia-
tion of the NH," into NH;(aq) is virtually absent, thus facilitat-
ing the isolation of the characteristic NH," peak. Conversely,
the alkaline environment of aqueous ammonia solutions in-
hibits the hydrolysis of NH;(aq) into NH,", thus allowing the
extraction of the NH;(aq) peak from the infrared spectrum.

The asymmetric C=0 stretching band of the CO, located
at 2343 cm™' in the infrared spectrum does not overlap with
the spectrum of any other species in solution and has good
analytical potential for the determination of the carbon diox-
ide concentration in water 30 (see the ESI{ for further infor-
mation). However the extent of CO,(aq) formation has been
found negligible in the range of operating conditions ex-
plored (see sec. 5.6), and its concentration has been deter-

mined by using a mass balance on the liquid phase instead
of developing a dedicated calibration model.

The formation of carbamate ions (NH,COO") due to the re-
action of eqn (8) yields several characteristic peaks associated
to this species located respectively at 1545 cm™, at ~1400
em™, and at 1120 cm™* in the infrared spectrum'®">* (see
Fig. 2b). The segregation of these peaks is complicated by the
pronounced overlap with the spectrum of the other species;
the extent of speciation, in general, does not allow for a di-
rect measurement of the actual concentration of the carba-
mate ion. In light of these considerations, two of the three
characteristic peaks of the carbamate ion have been modeled,
after subtraction of the spectrum of the solvent, using Gauss-
ian functions such as:

o9 -en] -]

in which the location of each peak, x, has been set based on
the available literature data'®'! and its broadness, ¢, has been
chosen by appling an optimization procedure discussed in sec.

(18)

0.7 — — T U—
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(a) Exemplary cases of single-point baseline correction (red circle) applied to all the IR spectra collected in this study (see sec. 3.5). The ex-

amples refer to the IR spectrum of the NH;" ion (red curves) and to the spectrum of H,O (black curves), respectively. The region of interest of the
infrared spectrum of this study is indicated by dashed lines. (b) Examples of solvent (water) background subtraction from the measured spectrum
of different ionic species in aqueous solution, i.e. NHs(aq), NH4*, HCO3~, and COs%". Note that the characteristic bands of the NH,COO™ (green
spectra) have been modeled, net of the spectrum of the solvent, as Gaussian functions using eqn (18) (see sec. 3.4 for further details).
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5.6.1. In eqn (18), a is the infrared absorbance function of the
wavenumber v, and the values of m and s are respectively equal
to 1545 ecm ' and 1413 em ™, and 43.1 ecm ™' and 19.2 em™ for
the two modeled peaks of the carbamate ion. The carbamate
band located at 1120 cm ™", characterized by a much lower ab-
sorptivity compared to the other characteristic peaks,'”"" has
been neglected from the modeling procedure without signifi-
cantly affecting the representation of the system.

3.5 Preprocessing techniques

As illustrated in Fig. 2a, the ATR-FTIR pre-processing technique
for all the raw IR spectra collected consisted of a single-point
baseline correction applied at 1033 cm™ of the spectrum (red
circle), The technique has been developed in our laboratory
and implemented in MATLAB. The use of this constant base-
line correction is effective in removing the background signal
of the solvent (water) that appears almost as an off-set over the
range of wavenumbers of interest, i.e. 1033-1610 cm . Fig. 2b
shows how the IR spectrum of each pure component has been
isolated from the background signal of the solvent by
subtracting the baseline-corrected spectrum of water from the
measured spectrum of the electrolytes in aqueous solution at
the relevant temperature (see below for the details).

4 Modeling

4.1 Model equations

From a mathematical point of view the infrared absorbance
of a multicomponent liquid mixture of given composition is
a continuous function a(¥,7) defined on the wavenumber, 7,
and temperature, 7, domains. However, from a practical
point of view, due to the instrument finite resolution, the
measured spectrum can be described as a vector of data
points recorded at m discrete wavenumber values, i.e. a(V,T) =
[a(v1,T),...,a(Pm,T)]%, at a given temperature.

This work uses a multivariate classical least squares
method®®*" to model the multicomponent spectrum of mix-
tures of CO,, NH;, and H,O. It assumes the Beer-Lambert
law for the spectrum of each pure component, a;, to be valid
and the effect of intermolecular interactions on the IR spec-
trum to be negligible:

a{v) = gic; (19)

In eqn (19), a;, ¢;, and g; are the absorbance, the concen-
tration, and the absorptivity respectively of the i-th compo-
nent in solution.

Additionally, the method requires a calibration step that
relates the spectra of a given set of standards to their known
concentration.

4.2 Classical least squares method

The linear model of an ATR-FTIR spectrum discretized over
m wavenumbers, the vector a, which embeds n overlapping
components is, at a given temperature 7:

This journal is © The Royal Society of Chemistry 2019
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n
—g* = ar
a=a*+tw=) ka +w+e
i=2

(20)

where the index i associated with the solvent (water) is 1; the
vector a*(7) is the spectrum of the mixture after subtracting the
contribution of the solvent, ie. the vector w(T); k; is the CLS
weight parameter relative to the i-th component; the vector

a¥ is the CLS reference spectrum of the i-th component; and

the vector ¢ is the residual error of the model. The CLS refer-
ence spectra are defined as the spectra of the standards at the
lowest concentration value of the calibration set reported in
Table 2. Since m > n, the optimal set of parameters, k= [122,...,
k,J, that minimizes the residual error of eqn (20) can be com-
puted by solving the following optimization problem:

minikmize |a*- AK]|, (21)
where the CLS reference spectra of the pure components (sol-
utes) are collected column-wise into the matrix A. The set of ref-
erence spectra also accounts for the temperature dependence
of the spectrum of each species in solution:

— —%k
A(T)=[aXT).....a)(T)] (22)
Therefore, the vector estimator k (with [z - 1] elements) of
the unknown parameters is calculated as:**
k= (ATA) " ATa* (23)
Then, the set of optimal parameters allows to estimate the
spectrum of the mixture, &, as:
a=Ak +w (24)
Eventually, the concentration estimate of the i-th solute, ¢;
can be calculated using a calibration model f; that relates its esti-

mated IR spectrum, the vector , =} a*+w, to its concentration.

é,’ :ﬁ(ﬁl) i= 2,..., (25)
The CLS algorithm is illustrated in Fig. 3, while the deriva-

tion of the calibration models is discussed, in detail, in sec. 5.3.

5 Results and discussion

The following sections address important aspects related to the
application of the CLS method to real mixtures containing CO,,
NH;, and H,O. At first, the validity of the Beer-Lambert law
and the capability of the CLS model to resolve complex
overlapping spectra are investigated. Then, different calibration
approaches are compared in terms of accuracy and reliability
of the concentration estimates. Against this background, the
speciation of aqueous ammonia solutions of BC have been
assessed, investigating, in particular, the effect of a stoichio-
metric excess of ammonia, on the equilibria established in so-
lution. Additionally, the solid-liquid equilibrium of
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ammonium bicarbonate has been characterized and modeled,
thus establishing a rigorous thermodynamic framework for the
estimation of the solution supersaturation.

5.1 Validity of the Beer-Lambert law

The validity of the Beer-Lambert law for the pure compo-
nents, in the range of concentrations explored in this work,
is a prerequisite for the application of the CLS method to the
spectrum of a mixture of unknown composition. In this re-
gard, Fig. 4 shows the sets of normalized (and overlapping)
spectra of the pure species in aqueous solution correspond-
ing to the different concentrations used for calibration (see
Table 2). The overlapping of spectra is indicative of systems
for which the Beer-Lambert law applies, i.e. a linear relation-
ship between the absorbance and the concentration. How-
ever, in this system deviations from the linear behavior can
be noticed especially for the NH," and the HCO;™ ions. More
in detail, Fig. 4a shows a slight shift of the absorption bands
of NH,', while in Fig. 4b a certain absorbance variability is
noticeable in the proximity of the lower shoulder of the
HCO; peak; deviations in the wavenumber range between
1350-1450 cm™' may be attributed to the concomitant pres-
ence of CO,> in solution, while no significant deviations
could be reported in the case of CO;>” and of NH;(aq).

5.2 Effect of temperature on the spectrum of a pure solute

As described in section 4, the proposed modeling approach
accounts also for the temperature dependence of the spec-
trum of the unknown mixture, in order to improve the accu-
racy of the concentration estimates. To prove the relevance of
this effect, Fig. 5 shows a cursory analysis on the temperature
behavior of the maximum peak height and position of the
characteristic IR bands of the pure species. As a general
trend, the maximum peak heights decrease linearly with in-
creasing values of temperature, for all the species, at fixed
concentration values. This phenomenon is probably due to
the weakening of the H-bonds between water and solutes
with increasing temperature;'® it is distinct in the case of the
CO;” spectrum, while the decreasing trend is negligible for
the remaining species. The peak position of the NH," ion

Mixture Spectrum Spectrum
Modeling
@—»._—» min|la* — AK||,
k
A=[a}...al]

w
Water Spectrum
Subtraction
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slightly shifts to lower values with increasing temperature as
shown in Fig. 5a.

5.3 ATR-FTIR calibration methods

Several functional forms for the general calibration model
presented in eqn (25) have been suggested and analyzed in
order to identify the most accurate method for the estimation
of the solute concentrations. The screening carried out in
this study considered calibration models based on the maxi-
mum absorbance peak height (model I), on the maximum ab-
sorbance peak area (model II), and on a partial least squares
regression (PLSR) of spectral data (model III). The root mean
squared error of prediction, RMSE, has been used to compare
the performance of the different calibration models of each
component as follows:

RMSE, = E[(&-¢)] i=2,...n

N

where E is the mean operator; ¢° and ¢ are respectively the

(26)

vector of concentration estimates of the standards of the i-th
component, and the vector of the relative standard
concentrations.

Before discussing the details of each method, it is useful
to introduce the operator S that extracts the specific features
of a generic IR spectrum, s, used by the different calibration
methods:

max s (T ) Peak Height Method
b
S(s.T)=4 Y s(v,.T)Av Peak Area Method ~ (27)
Jj=a
[5(V,.,T),.s(%,,T)] PLSR Method

where s(v,,T) is the absorbance at a specific wavenumber v;
and temperature T; Av; is the fixed interval between two
discretized wavenumbers; and [a,b] is a generic range of
wavenumbers. Details on the maximum peak positions and
wavenumber ranges adopted for each component are
reported in Table 3.

Estimated Spectra Concentration

(Single Species) estimates

(a2 ~

¥+ &/ I__I__I]i G

! O—[]

P O[]

) 4 g,

T+ e/ h

w

Water Spectrum Species-wise
Addition Calibration models

Fig. 3 Graphical representation of the algorithm used to resolve overlapping ATR-FTIR bands of aqueous species in solution. The algorithm in-
cludes a modeling step of the spectrum of the mixture represented by a classical least squares (CLS) method, and uses calibration functions (eqn

(25)) for the computation of the concentration estimates.
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Fig. 4 Set of normalized and overlapped spectra of pure electrolyte species in aqueous solution in the concentration and temperature ranges
investigated in this work (see Table 2). The main deviations are indicated by arrows. (a-d) IR spectra relative to the NH;*, HCO3", CO5%, and
NHs(aq) species respectively.
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Fig. 5 Measured absorptivities and positions of the maximum IR peaks of the solutes as a function of temperature, at constant solute concentration.
The analyses are relative to the IR bands corresponding to the minimum value of the standard concentrations of NH4Cl(aq), KHCOs(aq), K,COs(aq), and
NHs(aq) reported in Table 2. The discontinuity in the maximum IR peak position of the NH4* ion is due to the finite resolution of the IR spectrum
recorded. (a)-(d) Refer to the ammonium ion, the bicarbonate ion, the carbonate ion, and the aqgueous ammonia, respectively.

5.3.1 ATR-FTIR calibration based on maximum peak been used for the regression of a linear calibration model
height or on maximum peak area. For each pure component,  based on two independent variables: either the maximum
a set of (N+M) reference spectra of the pure electrolytes has  peak height or the maximum peak area, and the temperature

Table 3 Statistics of the different calibration models for the concentration estimates of species in solution. An asterisk (*) denotes that the value refers
to a 10-fold cross validation RMSE for the BC concentration®?

Species Method Wavenumber [cm™] r[-] RMSE [mol kg, '] R[]
NH," Peak area 1324 < v < 1522 n/a 0.0404 0.9985
Maximum peak height vV =1458 n/a 0.030 0.9918
PLSR 1324 < v < 1522 2 0.0207 n/a
HCO;~ Peak area 1156 < v < 1466 n/a 0.1104 0.9990
Maximum peak height v =1365 n/a 0.1042 0.9937
PLSR 1156 < v < 1466 5 0.0317 n/a
CO;>” Peak area 1208 < v < 1492 n/a 0.0090 0.9974
Maximum peak height v =1395 n/a 0.0068 0.9943
PLSR 1208 < Vv < 1492 3 0.0060 n/a
NH; Peak area 1033 < v < 1178 n/a 0.0898 0.9988
Maximum peak height v=1111 n/a 0.0397 0.9976
PLSR 1033 < v < 1178 6 0.0022 n/a
BC(aq) PLSR 980 < v < 1036 7 7.97 x 107° (¥) 0.9999
BC (m;Hl =12m) PLSR 980 < Vv < 1036 10 0.0070 (*) 0.9982
PLSR 980 < Vv < 1036 10 0.0062 (*) 0.9978

BC (g, = 1.8 m)

This journal is © The Royal Society of Chemistry 2019 React. Chem. Eng., 2019, 4, 1284-1302 | 1291
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(see Fig. 6). We name such reference spectra a7, ,,, where n =
1,...,N; and m' = 1,...,M are the reference concentration and
the reference temperature indices, respectively. The estimate
of the model parameters vector, p;, is obtained by solving the
multiple linear regression (MLR) problem defined by:
minimize || —Xp. i=2,...,n

N | -Xp,], (28)
where the vector p; = [po s P1, Pz,,-]T is the parameters vector,
the matrix X; contains a first column vector of ones to ac-
count for the intercept term p, ;, a second column vector that

stores the features of the reference spectra extracted by the
operator S according to the calibration method considered

([S(ai‘fm,ﬂ’l,l),...,S(afN“M,Z’M’M)}T), and a third column vec-

tor of measured temperatures, T;. For the sake of complete-
ness, the sets of optimal parameters are reported in the ESL}
The good quality of the fitting is confirmed by the values
of the coefficient of determination, R> (see Table 3). This is
also indicative of the validity of the Beer-Lambert law in the
range of operating conditions explored in this work.
Ultimately, the regressed models can be used to estimate
the concentration of the i-th component as:
¢i=Po;i+P1,S(@&s T) + P T 1=2,...,1n (29)
5.3.2 ATR-FTIR calibration based on PLS analysis. Con-
trary to the univariate calibration methods that correlate the
solute concentration to specific peak heights or peak areas, a
multivariate PLS model exploits a range of absorption bands
characteristic of the solute to estimate its concentration. In
this regard, the operator S applied to a generic reference

spectrum a;, . yields a (row) vector of k elements that repre-

sent the spectral absorbances in the range of wavenumbers
considered (see Table 3). The matrix

S,=[S(a‘l?vl,],Ti,m)T,...,S(aj{NﬂM,Tl_,N”M)TT that contains the

2150

N
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L
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[
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o
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Fig. 6 ATR-FTIR calibrations based on the maximum peak height and
temperature for the concentration estimate of the HCOs , COs%,
NH,4*, and NHs(aq) respectively.
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processed reference spectra of the i-th component is
projected onto a score matrix K; (eqn (30)) by using a matrix
of weights, W;, computed in such a way that the covariance
between the colum vectors k;; (j-th column of K;) and the

vector of reference concentrations ¢ is maximized:">

K; = SW; (30)
The method allows to reduce the collinearity of the raw
spectral data and leads to a score matrix K; that contains a
set of linearly independent combinations of the original k
wavenumbers that still carry the relevant information about
the spectra. Similarly to eqn (28), the PLS regressor vector b;
is estimated by solving the following minimization problem:

minitrnize ee-Kb|, i=2...n (31)
for which the least-square estimator of b is:
~ -1
b= (KIK,) KJes (32)

Finally, the PLSR model can be used to estimate the con-

centration of the i-th component as:
¢ = S(a,T)" Wb, (33)

The optimal number of linearly independent combina-
tions of the original k¥ wavenumbers (latent variables of the
PLS model), r, has been chosen so as the root mean squared
error of 10-fold cross-validation, RMSECV,,, of the PLS model
is minimized'” (see Table 3).

5.3.3 Comparison of the ATR-FTIR calibration methods.
Fig. 7 shows the comparison of the different calibration
models in terms of RMSE. As expected, the most accurate
and robust concentration estimates are those based on a
multivariate PLS regression that has the ability of weighing
absorbances that are highly predictive of the concentration of
the different species."”> Among the PLSR models, the least ac-
curate ones are those for the concentration prediction of the
HCO;™ and the NH," ions. In fact, the ATR-FTIR bands of
these species, as discussed in section 5.1, exhibit the largest
deviations from linearity over the range of wavenumbers con-
sidered for the calibration.

In light of these considerations, this work adopts a set of
multivariate PLS calibration models f; (eqn (25)) to estimate
solute concentrations, unless explicitly stated otherwise.

5.4 Model validation

First, the predictive capability of the proposed CLS methodol-
ogy has been assessed for the case of binary mixtures of
known composition, namely NH,Cl(aq) and KHCOj3(aq). In
detail, the validation exploits a set of in silico generated IR
spectra of NH,Cl(aq) and KHCO;(aq) obtained by combining
the spectra of the pure standards, as well as a set of real

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Comparison of the root mean squared errors (RMSEs) of
prediction of the concentration of solutes obtained using the different
ATR-FTIR calibration methods discussed in sec. 5.3.

spectra of aqueous mixtures of NH,Cl(aq) and KHCO;(aq),
and of aqueous solutions of NH,HCO; (BC). For the real mix-
tures ">C-NMR spectroscopic analyses**** (reported in the
ESIt) have been used to select the solutions that exhibit a
low degree of speciation (e.g. absence of carbamate ion for-
mation) to be included in the validation set. Then, the spec-
tral data, both the simulated and experimental, has been
processed using the CLS method proposed in sec. 4, and the
resulting concentration estimates have been compared with
the reference values. Fig. 8 shows that the absolute error of
prediction for the NH," and HCO;™ ions in virtual binary mix-
tures (red and blue dots, respectively) is below 5%. Similar re-
sults are obtained for real mixtures of NH,Cl(aq) and
KHCOj3(aq) indicated by stars, and for aqueous solutions of
BC indicated by triangles. The underprediction of the HCO;~
concentrations for the case of real mixtures may be attributed
to the formation of CO,(aq) and CO,*” in solution.

An analysis on the accuracy of the concentration estimates
for the case of mixtures of CO,, NH;, and H,O characterized
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by the formation of more than 2 main species cannot be di-
rectly performed due to the lack of information on the actual
concentration of the species in solution. However, meaning-
ful insights can be provided about the robustness of the CLS
algorithm and on its capability of resolving the spectrum of
mixtures containing more than 2 overlapping components.
In this regard, fictitious quaternary spectra containing the
overlapping peaks of NH,", HCO; , CO,>", and NH;(aq) have
been simulated by combining the experimental spectral data
of the pure standards. Then, the CLS methodology has been
applied to the in silico generated spectral data.

Based on the outcome of the model, provided in the parity
plots of Fig. 9, the CLS algorithm is capable of resolving ef-
fectively overlapping bands in the IR spectrum of the mixture
with a maximum error in the concentration estimates of
+10%. These errors stem primarily from the difference that
exists between the set of reference spectra a used by the algo-
rithm and the fitted spectra of the standards, a®. Based on
the choice of reference spectra, the quality of the estimates
may also decrease for mixtures whose species’ concentrations
significantly differ from those selected as a reference in the
CLS method.

The highest absolute error related to the prediction of the
NH;(aq) concentration can be justified by the low signal-to-
noise ratio that characterizes the peak of this species (see
Fig. 6) and that therefore renders its concentration estimates
less accurate compared to that of the other components.

5.5 Estimation of the ammonium bicarbonate concentration
in aqueous ammonia solutions

In aqueous ammonia solutions of ammonium bicarbonate
(i.e. solutions whose representative point is on a isopleth line
with ¢ = 1 in Fig. 1) the distribution of carbon species
changes significantly according to the overall nitrogen to car-
bon ratio of the system.** This phenomenon leads to spectral
data that cannot be easily correlated to the overall BC
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Fig. 8 Parity plots of the reference vs. estimated solute concentrations in the temperature range 6-23 °C. (a) Concentration estimates of the
NH," ion, (b) concentration estimates of the HCO3™ ion. Dots (@) refer to the in silico generated solutions, triangles (a) refer to the aqueous
solution of BC (2 mol kgw’l), stars (%) refer to the real mixtures of binary salts, i.e. NH,Cl and KHCO3, at the concentrations of 1.75 mMolnw,ct kgw *
and 1.75 molico, kgw % and of 1.75 molyn,ci kgw * and 2.50 molyuco, kgw ' respectively.
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concentration in the liquid phase, mi, using a single PLS
calibration model. Such challenge has therefore been over-
come by building dedicated PLS calibrations for different
nominal ammonia concentration m§H3 in the solvent (i.e. dif-
ferent values of (). These models implictly account for the lig-
uid speciation and correlate the overall BC concentration to
the baseline corrected C-OH stretching band of the HCO;~
ion located at 1005 cm™ in the infrared spectrum?®
(Fig. 10a). In fact, this peak overlaps with the solvent band
only, thus minimizing the interference with any other ionic
species in solution. As shown in Fig. 10b, the ratio between
the concentration of the HCO; ion and of the total carbon
species steadily decreases with increasing overall nitrogen
content, thus reducing accordigly the intensity of the HCO;~
peak. Nevertheless, the method can potentially be used to es-
timate reliably the BC concentration in a wide range of nomi-
nal ammonia concentrations in the solvent. It must be ac-
knowledged that the proposed -calibration models are
inherently dependent on the solvent composition, the infor-
mation on the nominal ammonia concentration in the sol-
vent must be known in order to properly exploit the model.
In this work, a total of three PLS regression models have
been computed at values of nominal ammonia concentration
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in the solvent equal to 0, 2, and 3% wt, respectively. The
training sets of the PLS calibrations are represented by the
spectra of BC in aqueous ammonia solutions in a tempera-
ture range that covers both the undersaturated and the super-
saturated conditions (see Tables 2 and 3). The models have
been regressed including the information of the spectra of
pure water, as well as the dependence of the IR spectra on
temperature. During each experiment, a known amount of
ammonium bicarbonate has been dissolved in the solution
and spectral acquisition has been started shortly after
reaching equilibrium. Then, a cooling rate of 10 °C h™" has
been applied to the system, while measuring ATR-FTIR spec-
tra every minute. The onset of primary nucleation has been
monitored using FBRM measurements so that spectra mea-
sured after nucleation could be rejected from the training set
of the PLSR models. For the sake of completeness the whole
training data set is reported in the ESLY}

The prediction capability of the ATR-FTIR calibration
models has been assessed using independent BC solubility
measurements. A first type of experiment consists in heating
saturated aqueous ammonia solutions in presence of
suspended BC at a rate of 2 °C h™" while collecting spectral
data. A second type of experiment is based on the
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Fig. 9 Parity plots of the reference vs. estimated concentrations for multicomponent virtual mixtures: (a-d) concentration estimates of the NH,4*,

HCOs", COs?” and NHs(aq) species, respectively.
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(@) IR reference peak of the HCOs ion (blue spectrum) used for the estimation of the overall ammonium bicarbonate concentration in

aqueous ammonia solutions. The peak has good analytical potential for the estimation of the HCO3™ ion concentration in solution. The spectrum
of the solvent (gray spectrum) is reported for reference. (b) Percent distribution of the HCO3 species as a function of temperature and total
nitrogen to carbon ratio ¢ at a fixed total carbon concentration (2 mol kg, ™) in solution. Calculations have been performed using the

thermodynamic model proposed by Darde et al.®

measurement of the temperature at which the solid phase
disappears.'® In this case, the FBRM signal has been used to
detect complete dissolution of particles while slowly heating
the suspension at a rate of 1 °C h™.

Fig. 11a shows the ATR-FTIR-based solubility measure-
ments (circles) carried out at a nominal ammonia content in
the solvent equal to 0%, 2%, and 3% wt (indicated with a
colorcode), while the measurements based on the tempera-
ture at which the solid phase disappears are shown as filled
dots. The effect of an ammonia enrichment of the solution
results in a remarkable increase of the ammonium bicarbon-
ate solubility.

The good agreement of the solubility measurements
obtained with independent methods supports the applicabil-
ity of the ATRFTIR calibration for the estimation of the
overall BC concentration in solution. Fig. 11b provides a dif-
ferent representation of the BC solubility data in the CO,-
NH;-H,O ternary diagram as function of temperature and
gives an indication of the operating region investigated
experimentally.

5.6 Speciation of ammonium bicarbonate in solution

The speciation of saturated aqueous ammonia solutions of
ammonium bicarbonate has been measured by applying the
proposed CLS methodology for a nominal ammonia concen-
tration in the solvent in the range 0-3% wt. For these mix-
tures the ratio between nitrogen to carbon species roughly
spans values from 1 to 1.5.

Systems in which the ( ratio is less than unity (see Fig. 1)
are characterized by a higher CO,(aq) concentration in the
liquid phase (compared to systems in which ( is greater or
equal to one) that leads to an increase of the value of CO,
partial pressure. The investigation of such systems, not
addressed in this work, is therefore limited by the maximum
pressure of the vessel.

This journal is © The Royal Society of Chemistry 2019

5.6.1 Model implementation. Prior to the application of
the CLS method to aqueous ammonia solutions of ammo-
nium bicarbonate, the optimal set of adjustable parameters
used to describe the IR bands of the carbamate ion (for
which no prior knowledge is currently available from litera-
ture, see sec. 3.4) has been estimated by solving the following
minimization problem:

LA
minicmize Z"g I, (34)

where o is the vector of the broadnesses of the modeled car-
bamate bands, and Nj is the total number of measured spec-
tra of the aqueous ammonia solutions of BC investigated.
Then, the vector of optimal broadnesses & has been inte-
grated in the CLS model and used for the concentration esti-
mates of the relevant species in solution.

In principle, the proposed CLS methodology can be ap-
plied to any aqueous solution containing unknown amounts
of CO, and NH; as long as the validity of the Beer-Lambert
law is preserved for each component's spectrum and the in-
teractions among the individual spectra are negligible. In
practice, the CLS approach is not applicable in a fully predic-
tive mode since the overall nitrogen and carbon concentra-
tions in solution are unknown.

In the specific case of aqueous ammonia solutions of am-
monium bicarbonate the total carbon concentration, mg,
has been estimated from ATR-FTIR measurements exploiting
the calibration method discussed in sec. 5.5, whereas the to-
tal nitrogen concentration my,  has been computed using
the information on the nominal ammonia concentration in
the solvent, which is assumed to be known. Then, the overall
carbon and nitrogen concentrations have been used together
with the concentration estimates of the ammonium and bi-
carbonate ions, ¢y, and éuco-, (retrieved by applying the

React. Chem. Eng., 2019, 4, 1284-1302 | 1295
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Fig. 11 Ammonium bicarbonate solubility in aqueous ammonia
solutions as a function of temperature and nominal ammonia
concentration in the solvent, m;Hx, (see blue colorcode). The solubility
is based on a pure water mass basis. (a) ATR-FTIR-based solubility
measurements (see arrows) and FBRM measurements of complete
solid disappearance (filled dots). Solid curves are the interpolated solu-
bility data, while the dotted red curve refers to the BC solubility in
aqueous solution of Sutter and Mazzotti® (b) representation of the BC
solubility data of Fig. 11a in the ternary diagram for the CO,-NH3-H,O
system as a function of temperature. The blue lines are the operating
lines that connect the composition of ammonium bicarbonate (BC) to
aqueous ammonia solutions at different nominal ammonia concentra-
tion (see dashed lines).

CSL methodology proposed in sec. 4 to the spectrum of the
unknown mixture) to solve the charge and mass balances in
the liquid phase, eqn ((14)-(16), and eqn (17)), thus retrieving
the concentration of the unknown species. Although the solu-
tion of the latter system of equations allows to obtain the
complete speciation of the system, the values of the
remaining degrees of freedom have been specified by intro-
ducing the following simplifications. For the case of aqueous
solutions of BC the presence of NH;z(aq) has been neglected
due to mild alkalinity of the system®®*® (see Fig. 1). Analo-
gously, for the case of aqueous ammonia solutions of BC the
contribution of the CO,(aq) has been neglected in the mate-
rial balance due to the basicity of these mixtures. Finally, the
presence of H" and OH  ions has been omitted in the charge
balance due to their low concentration in solution, typically
in the order of 10”7 mol kg, .

1296 | React Chem. Eng., 2019, 4, 1284-1302
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Note that the choice of using the ammonium and bicar-
bonate concentration estimates as an input for the material
and charge balances stems from the fact that the CLS con-
centration estimates of these species are the most reliable
ones due the spectroscopic properties of their characteristic
IR peaks, ie. the high absorptivity and the high signal-to-
noise ratio in the region of wavenumbers of interest.

An alternative method to estimate the concentration of
the bicarbonate ion relies on a PLS calibration based on the
HCO;™ peak located at 1005 cm ™" that, compared to the CLS
methodology, does not require any intermediate modeling
step of the spectrum of the mixture. Nevertheless, the estima-
tion of the NH," ion concentration, due to the high degree of
overlap of the IR peak of this species with the spectra of the
other solutes in solution, requires a modeling step of the
spectrum of the unknown mixture.

5.6.2 Speciation in aqueous solutions of ammonium bicar-
bonate. As shown in Fig. 12, the spectral data of saturated
aqueous ammonia solutions of BC (blue curves) is fitted con-
sistently (red curves) in the entire range of operating condi-
tions investigated. This is indicative of the absence of rele-
vant interactions among the spectrum of the pure
components and confirms the applicability of the proposed
CLS method. The corresponding species concentrations have
been estimated in the temperature range 6-23 °C and com-
pared to the predictions of the thermodynamic models pro-
posed by Thomsen and Rasmussen® and Darde et al.,’ respec-
tively. Such mixtures have been obtained by slowly heating
(0.5 °C h™") aqueous ammonia suspensions of BC in the tem-
perature range investigated.

Aqueous solutions of BC are equimolar mixtures of CO,
and NH; whose overall composition in the ternary diagram
of Fig. 1 and 11b lies on the operating line that connects the
composition of the BC salt to the vertex of pure water (0% wt
ammonia in the solvent or ¢ = 1). The measured speciation,
indicated as dots in Fig. 13, reveals that the dominant species
present in solution are the NH,  and HCO; ions, thus
confirming the congruent solubility of ammonium bicarbon-
ate in aqueous solution reported by Jinecke." The ratio
Cuco, /Cnn,- 18 0.95 at 6 °C; it decreases for increasing values
of temperature reaching a value of 0.92 at 23 °C due to the
concomitant increment of the concentration of CO,(aq) and
NH,COO™ whose presence slightly shifts the carbon and ni-
trogen distributions towards these species. Evidence of
dissolved CO, is confirmed by the presence of a marked anti-
symmetric stretching fundamental peak of CO,(aq) located at
2343 cm™" in the infrared spectrum (the interested reader is
referred to the ESIT for further details). Finally, the trend
followed by the estimated speciation is in agreement with the
predictions of the thermodynamic models (indicated as
dashed lines) in both qualitative and quantitative ways. Note
that the concentrations of the NHj(aq) and the CO;> ion
have not been represented due to their negligible level in all
these cases.

5.6.3 Speciation in aqueous ammonia solutions of ammo-
nium bicarbonate. In aqueous ammonia solutions of BC the

This journal is © The Royal Society of Chemistry 2019
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Fig. 12 Quality of fitting of the ATR-FTIR spectra of saturated aqueous ammonia solutions of BC at different temperatures. The range of ammonia
concentration in the solvent varies between 0-1.8 mol kg,, . The red curves are the spectra resulting from the CLS fitting, while the blue curves
are the experimental spectra of the mixtures (the colorcode refers to the nominal ammonia concentration of the solvent). (a) Fitting at 6 °C, (b)
fitting at 23 °C. The plots underneath the fitted spectra show the residuals between the best fit and the experimental data.

shift of the carbon species distribution towards CO;*  and
NH,COO' is due to the presence of a stoichiometric excess of
ammonia. Due to the kinetically controlled reaction of carba-
mate formation (eqn (8)), these mixtures require longer equil-
ibration times when compared to equimolar aqueous solu-
tions of CO, and NH3;**?° this aspect must be taken into
account while performing experiments not to underestimate
the equilibrium carbamate concentration.

Fig. 13 shows (moving from left to right) how the carbon
distribution in saturated aqueous ammonia solutions of BC
changes from essentially bicarbonate only to an equilibrium
mixture of bicarbonate, carbonate and carbamate ions'*'"3?
as the concentration of non-stoichiometric ammonia in-
creases. The concentration estimates of the different species
(indicated as dots) are relative to a nominal ammonia con-
centration in the solvent of 1.2 mol kg, and 1.8 mol kg,
respectively, in the temperature range 6-23 °C. Note that in
these two cases, the experimental values of the NH," concen-
tration exceed slightly the range of concentrations used to
build the model calibration for this species. However, litera-
ture data confirm the validity of the Beer-Lambert law for
this species up to 5 mol kg, *.'*"

Compared to the case of a pure aqueous solutions of BC
(MY, = 0 mol kg, ), the presence of additional species such

as CO;”>", NH,COO", and NH;(aq) can also be noticed by an-
alyzing the IR spectra shown in Fig. 12. The carbonate ion

peak appears as highly convoluted while the appearance of
a visible carbamate peak (located at 1545 cm™'), which is
pronounced even at low concentrations, indicates a high ab-
sorptivity of this band."* Aqueous ammonia is present at a
much lower concentration compared to its nominal value in
the solvent, thus indicating that speciation into NH," and
NH,COO™ occurred. Despite the low absorptivity of the aque-
ous ammonia band (see Fig. 5) and its overlap with one of
the weakest NH,COO peaks, the discrepancy between the
reconciled concentration of aqueous ammonia and its CLS
estimate has been found to be between +5%. For the case
of CO;> the difference lies between 15%.

This journal is © The Royal Society of Chemistry 2019

In general, both thermodynamic models from the litera-
ture describe the experimental trends quite well with the best
quantitative agreement offered by the Thomsen model. In-
stead, Darde model slightly overestimates the carbamate con-
centration in the entire range of experimental conditions in-
vestigated, thus leading to a different distribution of the
remaining nitrogen and carbon species in solution.

5.7 Estimation of the Supersaturation of aqueous ammonia
solutions of ammonium bicarbonate

The speciation process occurring in the CO,-NH3;-H,O sys-
tem affects the several solid-liquid equilibria that can be
established at the relevant conditions of temperature, pres-
sure and composition of the system. In this study, the most
stable solid that could form is ammonium bicarbonate'™
and, as stated in sec. 2, the strong non-ideality of the liquid
phase requires an activity-based approach for the description
of all the phase equilibria. An important thermodynamic
property involved in the description of the BC solid-liquid
equilibrium, and of any solid-liquid equilibria in general, is
the supersaturation S defined as:*"*®

Dy Huco,  Kip(e,T
S= a:H4 :co3 _ Ip( ) (35)
NH,* aHCO; KSP (T )

where the superscript * indicates quantities at solubility
(solid-liquid phase equilibrium), a; is the activity of the i-th
species, Ksp(T) is the thermodynamic solubility product of BC
defined as:

RT (36)

K, (T)= exp[—

and Kjp is often referred to as the ionic product of ammo-
nium bicarbonate in solution, function of the temperature
and composition of the system. Its dependence on pressure

React. Chem. Eng., 2019, 4, 1284-1302 | 1297


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9re00137a

Open Access Article. Published on 14 May 2019. Downloaded on 3/13/2026 6:36:15 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

— - Thomsen and

e NH* e HCO, e CO,> e NH,COO

e NH,(aq) ® CO,(aq)

m'NH3= 0 mol/kg,,

m“NH3= 1.2 mol/kg,,

Rasmussen®
M, 1.8 mol/kg,,

=

4 ”////
=
o
=
35 3
£
C 4
Ke) ]
§ 2 -
€ -
© |~
8 . —_—
c 1 17 - |
O PEp— & (—
L e me— | _—_—I:-:-gl—..,:_: [T m——— |
0 0
5 10 15 20 25 5 10 15 20 25 5 10 15 20 25

Temperature [°C]

Temperature [°C]

Temperature [°C]

(@)
e NH,(aq) ® CO,(ag) o NH,* e HCO; e CO,> e NH,COO - -Dardeetal®
m’NH3= 0 mol/kg,, m’NH3= 1.2 mol/kg,, m"NH3= 1.8 mol/kg,,

4t 4r '//'
'—3 b o] =F=
(@] s | —
= PR
S 3 3 e " 1
é —
C 4
i) -
§ 2 2 ~ 2 il 3 g o - 4
£ o s
2 L= = B = v T T
g o
o 1 L T
© ><

m——— | e — e e e
0 0
5 10 15 20 25 5 10 15 20 25 5 10 15 20 25

Temperature [°C]

Temperature [°C]
(b)

Temperature [°C]

View Article Online

Reaction Chemistry & Engineering

Fig. 13 Comparison of the ATR-FTIR speciation data (dots) of saturated aqueous ammonia solutions of ammonium bicarbonate and the predic-

tions of thermodynamic models (dashed lines) in the temperature range 5-23 °C. (a) Comparison to the Thomsen model.® (b) Comparison to the
Darde model.® The range of investigated ammonia concentration in the solvent varies between 0-1.8 mol kg,, *.

is typically weak and for this reason neglected in this study.
The term AGgc(7) in eqn (36) is the increment in standard
state Gibbs free energy of formation of BC in aqueous solu-
tion,® at temperature T and R is the ideal gas constant.

Fig. 14 shows a comparison between the experimental sol-
ubility of ammonium bicarbonate® at 20 °C (black boxes and
circles) and those computed using the Thomsen model
(green curve), the Darde model (blue curve), and a refitted
version of the Thomsen model (red curve) built in this work
and discussed in the following. The solid-liquid envelopes of
the CO,-NH;-H,O system have been obtained by performing
solid-liquid flash calculations using the abovementioned
models (see ESI} for further details).

As it can be noted in Fig. 14, both Thomsen and Darde
models slightly underpredict the measured ammonium bicar-

1298 | React. Chem. Eng., 2019, 4, 1284-1302

bonate solubility (see magnification of the ternary diagram re-
gion). Such local inaccuracies, although negligible in the con-
text of overall process simulations,”*® must be minimized for
the monitoring and the kinetic investigation of BC crystalliza-
tion processes for which an accurate computation of the
supersaturation is required. To achieve this, we performed a
re-estimation of the parameters of the Thomsen model (that
provides the best representation of the speciation data mea-
sured in this work) with the aim of increasing the accuracy of
the description of the solid-liquid equilibrium of BC in aque-
ous ammonia solutions. In detail, a subset of extended-
UNIQUAC interaction parameters, represented by the matri-
ces u’ and u” of the Thomsen model reported in Tables 4 and
5, has been optimized while keeping unaltered the remaining
parameters and thermodynamic properties of the model.

This journal is © The Royal Society of Chemistry 2019
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Experimental data of aqueous ammonia solutions of BC at
saturated conditions have been used in the following optimi-
zation problem:

N,

e

3

—1 N, Ccalc _cexp*
ik Tk k ik
mlnllee E +
cxp &
j=1i=2 k=1 Ciik

calc

where ¢;*¢, ¢*P, and Kjp are the model predictions of the con-
centration of the i-th species, the one measured, and the
ionic product of ammonium bicarbonate. The variables n, N,
and N, are the number of species, the number of experi-
mental conditions investigated (i.e. different nominal concen-
trations of ammonia in the solvent), and the number of ob-
servations of each species at the relevant experimental
conditions, respectively. The data set to be fitted consisted of
13 concentration data points (N,py) for each species collected
in the temperature range 6-20 °C at three different nominal
ammonia concentration in the solvent, i.e. 0, 2, and 3% wt.
The first term of the objective function in eqn (37) ac-
counts for the speciation data to be regressed, while the sec-
ond term is used to impose the values of the BC solubility
product to be fitted during the optimization. The speciation
has been computed by solving the liquid speciation equilibria
(eqn (4)-(8)) while neglecting all the solid-liquid equilibria
(eqn (9)-(12)). The unconstrained optimization has been

= This study

= Thomsen and
Rasmussen®

= Darde et al.®

View Article Online

Paper

performed using the optimizer finincon in the Matlab Optimi-
zation Toolbox*® with an initial guess provided by the
extended-UNIQUAC parameter set of the Thomsen model.

2

)+RT 1n( » /.’k)
RT

Jk

(37)

j=1 k=1

As shown in Fig. 15, the optimal set of regressed pa-
rameters allowed for a good fitting of the experimental
speciation data as well as of the solubility product of
BC in the entire range of operating conditions
investigated.

It is worth noting that since the optimization proce-
dure does not include any solubility data of the additional
solids that might form, the refitted Thomsen model pro-
posed in this work is unable to describe accurately the
solubilities of the different salts outside the ammonium
bicarbonate region. Although being able to capture the ex-
perimental BC solubility” (black boxes and circles) signifi-
cantly well (see Fig. 14), it progressively underestimates

the salts' solubilities as the equivalent ammonia content
in the system increases. Not surprisingly, Darde model, by
being fitted on a much larger set of experimental data,’
is capable of describing effectively the entire set of solid-
liquid equilibria.

7
0.2

7

7 7 7

4 4
0.4 0.6 0.8 NH,

Fig. 14 Solubility curves of the different salts in the CO,~NHz-H,O system at 20 °C and 1 bar computed with the Darde model® (blue curve), the
Thomsen model® (green curve), and the refitted Thomsen model (red curve) respectively. Black boxes (0) indicate the solid-liquid equilibrium data
by Janecke,? while black circles (0) indicate the ammonium bicarbonate solubility measured in this work.
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Table 4 Extended-UNIQUAC interaction energy parameters uf (u; = uf + uj(T - 298.15) and u) = uf)). The values of parameters in bold-italics have

been changed from the original version on the model®

u H,0 NH;(aq) CO,(aq) NH," H' OH~ CO,> HCO;~ NH,COO~
H,0 0

NH; (aq) 774.41 1140.20

CO,(aq) 205.32 2500.00 40.52

NH,* 142.58 1010.60 -5.05 0

H' 10° 10" 10" 10" 0

OH~ 600.50 2046.80 2500.00 1877.90 10'° 1562.90

CO,> 232.71 1662.40 2500.00 226.60 10'° 1588.00 1458.30

HCO*™ 625.93 3641.90 767.81 643.24 10" 2500.00 800.01 771.04

NH,COO~ 1.27 1006.40 2500.00 85.21 10*° 2500.00 2500.00 612.95 1405.20

Table 5 Extended-UNIQUAC interaction energy parameters uj (u; = uf + uj(T - 298.15) and uj = u}). The values of parameters in bold-italics have been

changed from the original version on the model®

+

uj; H,0 NH;(aq) CO,(aq) NH, H' OH~ CO,> HCO;~ NH,COO™

H,O0 0

NH;(aq) 0.0996 4.0165

CO,(aq) 11.8880 0 13.6290

NH," 0.0052 19.6218 14.8936 0

H' 0 0 0 0 0

OH~ 8.5455 0.0904 0 0.3492 0 5.6169

CO,* 2.6495 -0.1314 0 4.0556 0 2.5176 -1.3448

HCO;~ -1.9399 0.2249 0.0437 -0.0002 0 0 1.7241 -0.0198

NH,COO™ 6.8968 6.1568 0 5.6035 0 0 0 3.4233 0
® NH,(aq) ® CO,(aq) e NH,S e HCO, e CO,% e NH,COO - -Thomsen Model

m'NH3= 0 mol/kg,, m'NH3= 1.2 mol/kg,,

(refitted)
m'NH3= 1.8 mol/kg,,
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Fig. 15 Performance of the refitted speciation model (see sec. 5.7) over the temperature range 6-20 °C. (a) ATR-FTIR speciation data (dots) and
model predictions (lines) of the species' concentration in saturated aqueous ammonia solutions of ammonium bicarbonate. The ammonia concen-
tration in the solvent varies from 0 to 1.8 mol kg,, * moving from left to right. (b) lonic product of BC (dots) computed along the solubility curves
of BC in Fig. 11a using the refitted Thomsen model presented in this work. The colorcode indicates the value of the nominal ammonia concentra-
tion in the solvent. The good overlap with the thermodynamic solubility product (dashed black line), Ksp, indicates that the capacity of the model
of describing accurately the solid-liquid equilibrium of ammonium bicarbonate in aqueous ammonia solutions.

6 Conclusions

In this article, a methodology that allows to determine the
speciation of aqueous ammonia solutions of ammonium bi-
carbonate using in situ ATR-FTIR spectroscopy measurements
has been presented. The determination of the liquid compo-
sition of such systems, regardless of the type of analytical
technique exploited to measure it, poses several challenges.

1300 | React. Chem. Eng., 2019, 4, 1284-1302

Among them, the high volatility of the solutes, i.e. CO, and
NH;, requires to operate in a sealed reactor to minimize the
material loss to the vapor phase, and the extent of the specia-
tion in the liquid phase results, in general, in a complex over-
lap of the IR bands of the solutes in the infrared spectrum. A
CLS methodology has therefore been used to segregate the
contribution of each species to the IR signal of the mixture,
and to estimate the concentration of the individual

This journal is © The Royal Society of Chemistry 2019
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components in solution. This modeling approach, although
simplified, is grounded on a physical description of the sys-
tem and requires the estimation of fewer model parameters
when compared to more complex modeling techniques such
as the ones proposed by Lichtfers and Rumpf'®'* and
Kriesten et al.*"**> As a matter of fact, the model's accuracy is
expected to decrease as the absorbance of the individual spe-
cies deviates from the values used as an internal reference of
the CLS model (see eqn (20)), thus making it difficult to ex-
tend the use of the proposed methodology to a wide range of
compositions in the CO,-NH;-H,O system.

For the purposes of our experimental investigation, the
quality of the CLS fitting of the spectra has been used as the
main criterion to assess the reliability of the concentration
estimates, and the agreement between the ATR-FTIR mea-
surements and the results of the speciation models available
in the literature®® confirms the validity of the proposed
methodology that could be applied for reaction kinetics mon-
itoring purposes, for instance.

The solubility and speciation data measured for saturated
aqueous ammonia solutions of BC have been used to im-
prove the accuracy of the available thermodynamic models in
the description of the BC solid-liquid equilibrium in aqueous
ammonia solutions, thus allowing for a precise estimation of
the BC supersaturation during crystallization processes.

Ultimately, this work paves the way for the estimation of the
crystallization kinetics of ammonium bicarbonate in aqueous
ammonia solutions essential for the design and control of solid
formation in ammonia-based CO, capture processes.””®
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