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This research aims to investigate the effect of selected organic substances containing hydroxyl groups on the
reduction of NH3 escape and the improvement of CO; capture during the precipitation of calcium carbonate by
carbonation method using post-distillation liquid from the Solvay process and gas stream containing CO in the
amount corresponding to the exhausted gases produced by the combustion of fossil fuels. Glycerol, ethylene
glycol (EG), methanol, isopropanol, pentaerythritol, and neopentyl glycol (NPG) were used as ammonia escape

inhibitors. The addition of NPG has been shown to result in the highest reduction of NH3 escape (83.1%) and the
highest CO5 capture efficiency (86.1%). During the proposed CaCOs precipitation with NPG, 98.7% of the NH3
initially introduced into the reaction mixture remains in the solution. Furthermore, the features that should be
taken into account when introducing various alcohols and polyols for capturing NH3 and CO; in the calcium
carbonate precipitation via the carbonation method have been discussed.

1. Introduction

Increased level of CO5 in the atmosphere is widely considered the
dominant cause for the global warming observed during the past de-
cades and the catastrophic climate conditions experienced by human
beings in the past years [1,2]. This understanding has prompted exten-
sive academic research and exploratory industrial practices in the area
of carbon capture, utilization and storage (CCUS) in order to reduce the
input of anthropogenic CO» into the atmosphere [3]. Among the various
means of CCUS, CO, mineralization by reacting the greenhouse gas with
certain divalent metal minerals such as basaltic and ultramafic rocks to
form solid carbonates has the potential to store CO2 permanently either
in the geological formations, on the ocean floors or on the land surface
[4-6]. Of the CO5 mineralization approaches, ex situ and surficial CO4
mineralization using industrial waste by-products and mine tailings as
the source of divalent cations are of special interest and benefit as the
processes not only remove and store CO but also mitigate environ-
mental issues associated with the waste material/streams and produce
valuable mineral products [5]. Moreover, the implementation of such a
technology allows production plants to not only obtain financial benefits
from the sale of precipitated carbonates, but also reduce expenses for
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environmental pollution [7]. Amongst the various industrial wastes
capable of solidifying CO9, waste streams from the Solvay processes and
petroleum brines from the oil and gas industries are among the best
candidates due to their high contents of total dissolved solids (TDS). For
example, flowback and produced water (FPW) from the Duvernay shale
and Montney tight reservoir hydraulic fracturing (HF) operations in
Western Canada can have on average 230 g/L of TDS in the forms of
sodium, potassium, calcium, magnesium and strontium chlorides [8].
High levels of TDS have also been reported in FPW from some active
unconventional hydrocarbon production regions in US, UK and Poland
[9]. On the other hand, the post-distillation liquid from Solvay process
for sodium carbonate production contain about 112 g/L CaCl, and 56
g/L NaCl [10-12]. Soda plants using the Solvay method store the
post-distillation waste liquid mainly in landfills called white seas or
discharge it directly into the sea. Such an approach poses a serious threat
to the environment as it results in increased salinity of the surrounding
soil and groundwater [10]. Therefore, an important environmental issue
is to find alternative management methods for efficient recycling of this
type of problematic, highly saline waste.

Recently, there have been increasing research efforts on the use of
calcium-rich waste as substrates for the production of CaCOs3 by the
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carbonation method using waste gaseous stream containing CO2 [12,
13]. This method requires the use of so-called absorption promoters. In
the industry, the most common CO; absorbents are ethanolamines such
as monoethalamine (MEA), diethanolamine (DEA), and triethanolamine
(TEA) [14]. These amines have a high COy absorption capacity and
thermal stability, and are non-volatile and inexpensive; however, the
biggest problem with their use is the high cost associated with their
regeneration after the absorption process and their strong corrosivity to
the equipment [15]. Currently, one of the most popular alternatives to
ethanolamines is an aqueous solution of ammonia, which is reflected in
the increasing amount of research in this matter [16-19]. Compared
with the ethanolamine techniques, the ammonia solution approaches
are characterized by a higher CO, capture capacity, lower price, and
non-degradation in the presence of Oy and SOy [20]. For example, the
absorption capacity of ammonia is 1.2 kg COo/kg NH3, while in the case
of MEA it is 0.4 kg CO2/kg MEA [20]. Moreover, ammonia solution have
the potential to capture many acid gases besides CO present in exhaust
gases, i.e., SOx and NOy. More importantly, processes using NH3 solu-
tions have low energy demand [21,22]. Despite the many advantages,
the biggest problem with using NH3 for COy absorption is its high
volatility [23]. The intrinsically high volatility of ammonia causes its
escape from the aqueous solution, lowering its concentration in the so-
lution and thus reducing the efficiency of the COy capture process.
Consequently, this increases the amount of NHs needed to absorb a
given amount of CO; [23].

Many methods have been proposed to prevent the escape of
ammonia from the solution. One of them is the addition of the so-called
ammonia escape inhibitors to the solution [24,25], which is a promising
solution for capturing CO, in the CaCOg3 carbonation process. Our pre-
vious research compared organic and inorganic ammonia escape in-
hibitors and determined their influence on the characteristics of the
obtained calcium carbonate [26]. None of the tested inorganic inhibitors
(e.g., ZnCly, CoCly, and CuCly) was found to show any improvement in
CO4 sequestration. Moreover, the precipitated CaCOs3 particles often
contained colored ammonia complexes of the metals used when inor-
ganic ammonia escape inhibitors were added to the solution [26].
Another important disadvantage of applying inorganic inhibitors is the
potential precipitation of hydroxide or carbonate of the added divalent
cations in an alkaline solution [23]. Thus, it is obvious that organic
substances are more suitable for this type of application. One such group
of organic inhibitors are alcohols and polyols due to the presence of
hydroxyl groups in their molecules capable of forming hydrogen bonds
with ammonia molecules in an aqueous solution [27]. There are reports
in the literature on the use of ethanol [28,29], glycerol [30,31], and
ethylene glycol [30,32] as ammonia escape inhibitors for the purpose for
CO; capture. Furthermore, the alcohol-water mixtures are popular ad-
ditives in the CaCOs precipitation process, because the addition of al-
cohols may have a chemical effect on the aqueous solution by decreasing
the solubility of CaCO3 and thus increasing its supersaturation tendency
[33]. The use of a small (several percent) addition of alcohols or polyols
also has advantages from an economic point of view. Due to the low
prices of this type of solvents (e.g. ethylene glycol 1.5 $/kg, glycerol 1
$/kg, methanol and isopropanol 3-5 $/kg), such a solution practically
does not increase the cost of the process. Moreover, the use of expensive
equipment is not required, and the introduction of such a solution allows
the use of existing equipment without costly modifications. Finally,
while the addition of an alcohol or polyol greatly improves the selec-
tivity of the absorbent, it thereby reduces the amount of solvent circu-
lation and energy consumption, and then lowers the operating costs
[23].

This research is a continuation of previous studies on carbonation
using post-distillation liquid from the Solvay process as the source of
calcium and a waste gas stream with a composition typical of the
exhausted gases from fossil fuel combustion as the source of CO;. In
addition to the previously characterized organic substances glycerol and
ethylene glycol, two alcohols (methanol and isopropanol) and two
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polyols (pentaerythritol and neopentyl glycol) are used in the present
study to compare their ability to reduce the escape of ammonia from the
solution. The second aim of the research is to determine the influence of
the various additives on CO;, capture during the calcium carbonate
precipitation process.

2. Materials and methods
2.1. Reagents

Reagents used in this work include anhydrous calcium chloride
(POCH, Poland), sodium chloride (P.P.H. STANLAB, Poland), glycerol
(POCH, Poland), ethylene glycol (>99.0%, POCH, Poland), methanol
(POCH, Poland), isopropanol (POCH, Poland), pentaerythritol (Sigma-
Aldrich, USA), neopentyl glycol (NPG: Sigma-Aldrich, USA), 25%
aqueous ammonia solution (POCH, Poland), di-sodium wersenate, 0.1
mol/L solution (Chempur, Poland), buffer solution pH 10 + 0.05
(Chempur, Poland), eriochrome black T (Chempur, Poland), and carbon
dioxide (Linde Gas, Poland). All reagents were of analytical grade and
were used without further purification. All solutions were prepared
using water obtained by reverse osmosis.

2.2. Precipitation of calcium carbonate

The precipitation process was carried out using gas-liquid carbon-
ation method at room temperature (295 K) and atmospheric pressure
(1013 hPa) in a closed tank reactor with a total volume of 0.5 dm?®.
Gaseous CO, was continuously supplied into the reaction system in a
mixture with air through a porous glass plate. Gas mixing occurred
during the flow and before it was supplied into the liquid phase. The
detailed procedure for supplying the gas mixture to the system and the
description of the experimental setup are described in Section 2.4. The
reaction time was 1.5 h, while the initial reactant mixtures (0.3 dm?)
were a model post-distillation liquid from the Solvay process (an
aqueous solution containing 112 g/dm? of CaCl, and 56 g/dm® of NaCl)
without (as control) and with the addition of tested alcohols and polyols.
The concentration of glycerol, ethylene glycol, methanol and iso-
propanol in the reactant mixture equals 1% (v/v), while the concen-
tration of solid pentaerythritol and neopentyl glycol was 1% (w/w). The
molar ratio of ammonia to calcium ions in the initial solutions was 2:1
(NH3 concentration of 2.02 mol/L). The ammonia was added to the
reaction mixture as a 25% aqueous solution. Initial and final pH of the
reaction mixture were measured using composite electrode (ERH-111
type, HYDROMET, Poland) connected to the pH meter. The final Ca%*
concentration in the reaction mixture was determined by a com-
plexometric titration of collected samples with EDTA. Ammonia and
COy concentrations in outlet stream were measured using sensors
described in Section 2.3. The processes of CO, absorption in an aqueous
ammonia solution of the same concentration and under the same con-
ditions as the precipitation process were also performed. The obtained
calcium carbonate particles was filtered and washed with water and
methanol, and dried for 24 h at 90 °C. X-ray diffraction (XRD) analysis
with Cu-Ko radiation was applied to confirm that the obtained product is
in the form of calcium carbonate and to determine its polymorphic
composition. The analysis was carried out using a MiniFlex 600
diffractometer (Rigaku, Tokyo, Japan) at room temperature, at 0.2° scan
rate and 26 angle range of 10-80°. Diffractograms were optimized using
a pseudo-Voight function, and ICDD database was applied for phase
identification of the precipitated samples.

2.3. CO and NHj gas flow measurement

In order to monitor and control the process, a matrix comprised of
two commercially available gas sensors was constructed for determine
the concentrations of CO5 and NHg in the outlet gas stream from the
reaction system. Table 1 presents the basic information about the gas
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Table 1

Basic characteristics of the sensors used.
Sensor Type Model Target Gas
Electrochemical SGX-4NH3-1000 Ammonia

Nondispersive Infrared Sensor DFrobot Gravity UART Carbon dioxide

sensors used.

The infrared carbon dioxide gas sensor enables the detection of
target gas in a wide effective range from O to 5000 ppm. It is charac-
terized by high sensitivity, high resolution, good stability, low power
consumption and quick response. This sensor also provides a digital
output proportional to the concentration of carbon dioxide, which is
temperature compensated and thus the output signal is completely
linearized. The ammonia sensor used belongs to the group of electro-
chemical sensors. In this type of sensors, the target gases undergo a
chemical reaction (oxidation or reduction) at an electrode, resulting in a
current directly proportional to the gases concentration. Electro-
chemical ammonia gas sensor (SGX-4NH3-1000), manufactured by
Amphenol Company, makes it possible to detect ammonia in concen-
trations ranging from 0 to 1000 ppm. Moreover, operation and use of the
sensors is not complicated as they support UART communication mode
and analog output. Sensor calibrations can be found in Supplementary
Materials (Fig. S1 and Table S1).

2.4. Gas sensor array measurement

Gas sensor array experimental setup is presented in Fig. 1. The total
gas flow rate was 500 mL/min with carbon dioxide and air flow rates
being controlled by separate mass flow controllers. The volumetric flow
rate of carbon dioxide was controlled by a RED-Y GSC-B9SS-BB23
(Voegtlin, Switzerland) flowmeter (MFC 3) and was equal to 75 mL/min
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so that the concentration of carbon dioxide in the flowing gas mixture
was 15% by volume (stream containing CO; in the amount corre-
sponding to the exhausted gases produced by the combustion of fossil
fuels). Airflow was controlled using RED-Y GSC-C9SS-BB26 (Voegtlin,
Switzerland) flowmeter (MFC 2) and amounted to 425 mL/min. The
residual gas stream after passing through the reaction glass vessel con-
taining the post-distillation liquid from the Solvay process was directed
to the mixing chamber in an exact volume. In the mixing chamber, this
residual gas stream was mixed with an air stream whose volumetric flow
rate was 150 L/h and controlled by a flowmeter RED-Y GSC-C9SS-BB26
(MFC 1). This allowed the residual gas to be diluted to a sufficiently low
level before being directed to the sensor chambers. The volume of the
gas stream dispensed into the chamber was controlled by a rotation
speed of the diaphragm pump. The pulse width modulation module
(PWM) was responsible for regulating the supply voltage delivered to
the pump motor, fluctuations of which directly affect the pump speed
and thus the flow rate. The sensors were housed in separate Teflon gas
chambers that provide individual gas environment for each sensor and
parallel gas flow. Thanks to this, it was possible to limit the adsorption
and avoid undesirable chemical transformation of gaseous substances.
Sensor signals were recorded using an analog-to-digital converter
ADS1115 (Texas Instruments, USA) and processed by means of dedi-
cated software. All manufacturer’s requirements were taken into ac-
count when the electrical circuits for each sensors were prepared. The
custom-built system was controlled automatically by the Arduino
MEGA 2560 Rev3 control module.

The in-house software allowed for calculation of ammonia and car-
bon dioxide concentrations at the outlet of the reactor. Knowing the
volumetric flow rate, the total number of moles of ammonia and CO,
that left the system while the process was running was then calculated.
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Fig. 1. Experimental setup scheme.
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2.5. Interactions and hydrogen bonding calculations

Interactions and H-bonding between the studied alcohols and the
NHj /NH3/H0 species were investigated computationally at the density
functional theory (DFT) level using B3LYP hybrid functionals and the
D3BJ dispersion correction, as implemented in the Orca 4.2.1. software
package [34]. During the calculations, geometries of all structures,
isolated and bonded, were optimized to an energy threshold of 10-8 Ha
and the energy difference between isolated substrates and bonded
complexes were calculated to compare bonding effect for different
species. In case of pentaerythritol, NPG, glycerol and ethylene glycol,
two geometries, both single and 2 H-bonds, were investigated to better
compare possible effects. During all calculations, conductor-like polar-
izable continuum model (CPMC) of solvation was introduced to account
for the solvent present in the real process.

3. Results and discussion
3.1. The course of the precipitation and adsorption processes

The process of calcium carbonate precipitation was carried out using
post-distillation liquid from the Solvay process and a gas stream con-
taining CO, with a composition corresponding to the exhausted gases
produced by the fossil fuel combustion (15% vol.). Ammonia was used
as a CO, absorption promoter for the calcium carbonate precipitation,
because an aqueous NH3 solution is one of the most popular alternatives
to ethanolamines as CO; absorbents. The processes of CO» absorption in
a pure aqueous ammonia solution of the same concentration and under
the same conditions as the carbonate precipitation process were also
performed for comparison with the precipitation processes. Figs. 2 and 3
present the gas sensor recorded graphs showing changes in the con-
centrations of ammonia and carbon dioxide detected in the outlet gas
stream during the course of the carbonation and absorption processes for
different additives used. The actual amounts (in moles) of CO, and NH3
that have escaped from the solution are included in Tables 2 and 3,
respectively. It is generally accepted that the major steps in the chemical
absorption of CO5 capture by an aqueous ammonia solution can be
described by reactions shown in Eqs. (1)-(7) [35,36]. The first is the
production of an unstable carbamic acid, which rapidly converts to
ammonium carbamate (Eq. (1)). This is followed by the hydrolysis of the
ammonium carbamate (Eq. (2)) and the hydrolysis of the ammonia (Eq.
(3)). At the same time, a complex equilibrium of the ions and reactions
described in Egs. (4)-(7) takes place in the solution. This results in the
formation of bicarbonate and carbonate ions.

COy) +2NHy— HNCOO,,, +NH},, €8]
H,NCOO,,, +NH},, +2H,0— NH HCO3(og) + NH; ® Hy0(4y) @)
NHsug)+  HyO(g) < NH{, +OH 3
NH HCOs0) < NH} ) +HCO5 )]
(NH4),COs(ag) < 2NH . + CO3 ) )]
OH,, +HCO3,, < CO3,, + H,0 (6)
CO3, + COxg + H,0 < 2HCO; )

When analyzing changes in the amount of ammonia over time, it can
be seen that the graphs are very similar regardless of the additive used.
There is a sharp increase in the beginning, followed by a slow decline.
Initially, a high concentration of free NHs is in the reaction mixture, and
as the CO absorption process progresses, more ammonia is consumed
by the reactions shown in Eqs. (1)—(7). This results in a reduction in the
amount of free NH3 in the absorption mixture, which in turn reduces the
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amount of ammonia that escapes from the solution [37].

The system used in these tests is semi-batch, i.e. the reactor is filled
with a portion of liquid, and the gas phase flows through the reactor
continuously. During carbonation, some of the reactants in the liquid
phase (Ca®* and NH3/NHY) are consumed, while CO is continuously
supplied to the reactor. Therefore, immediately after starting the gas
flow through the reactor, NHj3 is desorbed into the gas stream, however,
due to the reaction between NH3 and CO,, the amount of free NH3 in the
solution decreases, therefore its desorption to the gas stream flowing
through the reactor is reduced.

In the case of CO, absorption in ammonia-water systems, very
similar courses of the CO5 concentration curves have been observed.
While in the case of changes in CO5 concentration, after about 1 h of the
precipitation process, a rapid increase in the amount of CO; in the outlet
stream occurs for reaction systems with the addition of methanol, iso-
propanol and neopentyl glycol. This is likely due to the drop of the pH of
the solutions at that point. The final pH values for precipitation systems
containing these three inhibitors reached the values of 7.89, 7.57, and
7.43, respectively (Table 4). When the solution reaches a pH below 8,
the amount of free CO5 in the solution increases while the amount of CO5
in dissociated form decreases, and this favors the escape of CO; from the
solution [38].

The presence of CO; in the gas outlet stream from the reactor is the
result of the kinetics of CO; absorption and its reaction with ions present
in the solution. Research on the kinetics of CO, absorption in aqueous
ammonia solutions indicated a similar course of the molar fraction of
CO4 in the outlet gas [39]. In pure ammonia solutions, three periods
were found: initial period, stable period, and rising period. In the first
period, after activating the gas (COz-air mixture) supply, CO; is absor-
bed in the alkaline solution and then reacts with NH ions. The rapid
increase in CO; concentration observed may be the result of the kinetics
of COy absorption in the ammonia solution. Subsequently, for most
systems there is a stable period, which is characterized by a stabilized
CO4 concentration in the exhaust gas or its slight increase. The last
period is the rising period in which the CO; concentration in the off-gas
increases significantly.

3.2. Ammonia escape inhibition

Based on the results obtained, percentage reduction of NHg escape
() was calculated using the Eq. (8) and results obtained are shown in
Table 2.

N

n=""""e100% ®
0

where ny is the total number of NH3 moles escaping from the reaction
mixture without additives (control), and n, is the total number of NH3
moles escaping from the reaction mixture with selected additives.
Generally, all tested additives contain the hydroxyl groups that can
combine with the free NH3 through hydrogen bonding, thereby inhib-
iting its evaporation from the solution. In calcium carbonate precipita-
tion processes with all additives used, more than 97% of the NHj
initially introduced into the reaction mixture remains in the solution,
higher the 92.5% capture efficiency for the precipitation system without
additives (Fig. 4). The NHs salting-out effect by the electrolytes is quite
obvious for the post-distillation liquid compared with the ammonia so-
lution, because the solubility of NH3 in water is reduced in the presence
of dissolved inorganic salts [40]. Usually, the effect of the salt addition
on the solubility has been attributed to the greater attraction between
the ions and the water molecules than between the gas molecules.
Electrolytes with small ions can influence on the organization of the
structure of water. Therefore, interactions between the ions and water
molecules should decrease the number of ‘free’ water molecules avail-
able to dissolve the gas [41]. The results obtained show that the addition
of selected organic compounds inhibits the escape of ammonia by the


http://mostwiedzy.pl

/\/\ MOST WIEDZY Downloaded from mostwiedzy.pl

J—

N. Czaplicka et al. Journal of CO2 Utilization 62 (2022) 102085

10 NH3
o2 (a)
g 8
c
Q6
-
©
F
T 4
]
v
c
S 2
N
0
0 2000 4000 6000
Time [s]
10 10
9 (b) 9 (c)
§ 7 § 7
c
S 6 o6
- -
85 ® 5
- -
c 4 c 4
8 g
e 3 c 3
o )
U 2 U 2
1 1
0 0
0 2000 4000 6000 0 2000 4000 6000
Time [s] Time [s]
10 10
9 (d) 9 (e)
S xS
= 7 =N
c c
9 6 9 6
- -
© 5 © 5
€ 4 =
g g
= 3 c 3
S 2 S 2
1 1
0 0
0 2000 4000 6000 0 2000 4000 6000
Time [s] Time [s]
10 10
9 (f) 9 (g)
x °® X8
= 7 =7
c c
9 6 Q6
il i
85 S5
T 2 T
g g
c 3 g3
S 2 5 2
1 1
0 0
0 2000 4000 6000 0 2000 4000 6000
Time [s] Time [s]
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Table 2
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The amount of NHj3 that escaped from the solution during the process and the percentage reduction of NH; escape (initial moles of NH3 = 0.606).

Experiment

NH; escape [mol]

Reduction of NH3 escape [%]

Absorption system

1)

Precipitation system’

2) Absorption system? Precipitation system?

Control (no additives)
1% vol. glycerol

1% vol. EG

1% vol. MeOH

1% vol. iPrOH

1% wt. pentaerythritol
1% wt. NPG

0.0128
0.0117
0.0101
0.0105
0.0112
0.0094
0.0078

0.0456
0.0085
0.0183
0.0160
0.0132
0.0084
0.0077

8.6% 81.4%
21.1% 59.9%
18.0% 64.9%
12.5% 71.1%
26.6% 81.6%
39.1% 83.1%

1 Aqueous ammonia solution

2 post-distillation liquid from the Solvay process

Table 3

The amount of CO that escaped from the solution during the process and the CO; capture efficiency.

Experiment

CO, escape [mol]

CO,, capture efficiency [%]

Absorption system?

Precipitation system?

Absorption system® Precipitation system?

Control (no additives)
1% vol. glycerol

1% vol. EG

1% vol. MeOH

1% vol. iPrOH

1% wt. pentaerythritol
1% wt. NPG

0.0875
0.0886
0.0937
0.0701
0.0151
0.0824
0.0406

0.1259
0.1105
0.1116
0.0842
0.0419
0.1104
0.0393

68.6% 54.9%
68.2% 60.4%
66.4% 60.0%
74.9% 69.8%
94.6% 85.0%
70.5% 60.4%
85.4% 86.1%

! Aqueous ammonia solution

2 post-distillation liquid from the Solvay process

formation of interactions between the molecules of the organic additive

Tal’k 4 . S . . . and the molecules of ammonia. Furthermore, all the additives used show
Ca®" ions consumption ([Ca®"]), initial and final pH of reaction mixtures (pH;, . . e
H) a greater reduction rate of NHs escape during carbonate precipitation in
by post-distillation liquid than during absorption in an aqueous solution
i ) 2+ : . . .
Experiment pPHi  pH; gmgsmﬂed Ca™ [mol/ Z"H (Table 2). The highest percentage reduction was achieved with the use
'] a of neopentyl glycol (39.1% for absorption, 83.1% for precipitation).
Control (no additives) ~ 10.96 ~ 8.52  0.510 50.5% Glycerol and penthaerythritol also have a strong ability to reduce
9 v . . . P . .
1% vol. glycerol 1090 8.43 0561 55.5% ammonia escape from the solution during precipitation (reduction of
1% vol. EG 10.98 826 0.558 55.2% b %): h I ) K b i th ¢
1% vol. MeOH 1017 789  0.649 64.3% about 8.1 /0)., owever, glycero f/vor s muc. worse in the case of CO,
1% vol. iPrOH 10.16 7.57  0.790 78.2% absorption in NH3 aqueous solution (reduction of about 8%). Generally,
1% wt. pentaerythritol ~ 10.11 820  0.561 55.5% it can be seen that no effect of organic additive on final ammonia con-
1% wt. NPG 1009 743 0.800 79.2% centration in solutions obtained after CO, absorption in the NH3-H,0
solution, as well as in NH3-CaCly-NaCl-H,O solutions (Fig. 4). This is due
to the mechanism of action of organic additives that interact with
ammonia, and these interactions dominate over the salting-out effect.
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Fig. 4. Bar graph presenting the amount of NH; remaining in solution after the absorption and precipitation process depends on the additive used.
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On the other hand, when comparing the results obtained for the
NH3-H50 solution and the NH3-CaCly-NaCl-HyO solution without
organic additives, the salting-out effects are visible and the concentra-
tion of ammonia in the solution containing salts decreased significantly.

3.3. COg capture efficiency

The solubility of CO2 in water is significantly reduced in the presence
of dissolved inorganic salts [42,43]. This is due to an increase in the
ionic strength, which increases the viscosity and density of the solution
[43]. Thus, a higher escape of CO, is to be expected for absorption of
CO4 in post-distillation liquid (1.01 M CaCly, 0.966 M NaCl) than for
absorption in aqueous solution, and this can be seen in the results ob-
tained (Table 3), both for the process with and without additives used.
The CO; capture efficiency (@) was determined using Eq. (9), with re-
sults obtained presented in Table 3.

a ="l g 100% ©
where n;, and ny, is a total number of CO, moles in the inlet and outlet
stream, respectively. The highest CO capture efficiency during precip-
itation was observed with neopenthyl glycol (86.1%) in this study. In
comparison, the addition of isopropanol results in the achievement of a
very similar value of CO, capture efficiency during precipitation (85%),
but a much higher value of this parameter in the case of absorption in an
aqueous solution (94.6%). Among the substances used as additives, both
in the case of absorption in aqueous ammonia solution and in the
carbonation process, monohydric alcohols appear to be better CO5
capture enhancer than most tested polyols. This seems to be in agree-
ment with the solubility of CO, in alcohols [44,45]. The addition of
alcohols was suggested to have a chemical effect on the aqueous solution
by decreasing the solubility of CaCOs, and thus leading to increased
supersaturation tendency [33]. As such, alcohol-water mixture solvents
are very often used in CaCOs precipitation process. Furthermore, the
addition of methanol and isopropanol can facilitate the transport of CO5
from the gas phase to the liquid phase. It was found that methanol in-
creases the CO, partitioning into the aqueous phase [46], while the
presence of isopropanol in the aqueous solution results in the accelera-
tion of CO, absorption during bubbling of the gas phase through the
liquid phase, due to the formation of smaller gas bubbles in a solution
with reduced surface tension [47].

3.4. The Ca®* consumption during precipitation

Based on the titration results, the percentage consumption of calcium
ions (%Ca”) was determined using Eq. (10):

[Ca*, — [Ca™],

e =,

® 100% (10)

where [Ca2+]i and [Ca2+]f are initial and final calcium ions concentra-
tion in reaction mixture, respectively. Calculated calcium ions con-
sumption, the initial and final pH of the reaction mixtures are shown in
Table 4. The percentage of calcium ion consumption is directly related to
COg sequestration (Fig. 5). This is because the CO5 that is absorbed in the
solution can react with the calcium ions present in the mixture, leading
to the precipitation of calcium carbonate. Thus, the higher the COy
capture efficiency, the higher the Ca?* consumption; and the highest
consumption of calcium ions was obtained during precipitation with the
addition of neopentyl glycol. A very similar high value of this parameter
was also achieved in the case of isopropanol.

The X-ray diffractograms of all obtained samples (Fig. 6) confirms
that calcium carbonate has been precipitated as a result of all conducted
processes. Percentage content of vaterite (Xy) was calculated using the
Eq. (11) based on the XRD results [48,49]:
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where It? is the intensity of the calcite peak of the 104 plane and the [11°

is the intensity of the vaterite peak of the 110 plane. All obtained CaCOs3
samples, regardless of additive used or not, are mainly in vaterite form
(Table 5). The highest amount of vaterite (98.5%) was obtained during
precipitation with the use of neopentyl glycol that also afforded the
highest yield of CaCOj3 precipitation. This is consistent with the previous
studies indicating that the formation of vaterite is much faster than that
of calcite [50].

3.5. Interactions and hydrogen bonding

To gain a better understanding of the effect of the alcohols investi-
gated, molecular-based thermodynamic modeling studies were per-
formed to model possible interactions between the various additive
molecules and different species that react during the processes. Specif-
ically, possible competition among NH{ ions, NHz and H,O molecules to
bond with the -OH groups of the alcohols was investigated in detail. The
calculated energy effects for all considered alcohols when they form a
single hydrogen bond with a single -OH group are shown in Fig. 7.

All tested organic additives can preferentially form hydrogen bonds
with NH3 molecules over water and ammonium ions as shown by the
larger negative gain of energy (Fig. 7), which confirms their capability as
NHj; escape inhibitors; however, no direct correlation between energy
gain and per-mole NHj capture could be observed. On the other hand,
such correlation is visible if one considers the energy gain difference
between NH3 and NHj4 binding. As shown in Fig. 8, compounds that
show a higher preference to bind free ammonia over its ionic form
generally perform better in the real process, especially during the pre-
cipitation of CaCOj3 that shows the highest loss of NHz when no additives
were used (Table 2). In this regard, it might be reasoned that the NH3
capture efficiency depends mainly on the preference to bind NH3 over
other species, rather than the energy gain of the ROH-NH;3 bonding it-
self. In this case, comparing the NHs/NHjJ energies seems to illustrate
these differences better.

On the other hand, this approach does not correlate with the effi-
ciency of CO4 capture. However, it can be seen that the only two agents
that provide significant CO, capture, isopropanol and neopentyl glycol,
are also the only ones that do not show preference to bind NHj over
H,0. Since CO actually reacts with NHZ to form ammonium carbamate,
it is quite reasonable that limiting NH4 bonding with ROH should pro-
mote further CO; capture. Therefore, during CO2 absorption, the influ-
ence of the reaction equilibrium (6) is not the dominant factor, and other
system properties, such as solubility, mass transport rate, also influence
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structures. In such a case, it could be especially expected that the
bonding molecule will not interact with only a single, but multiple -OH
groups of the polyol. In order to verify the influence of bond formation
with a higher number of ~OH groups of ethylene glycol, glycerol and
pentaerythritol, further calculations of the binding energy of NH3 mol-
ecules and NH*" ions were performed. The simulation results revealed
that interactions of NH3 and/or NH} with the second ~OH group in the
polyol molecules can further decrease their energy level; however, the
second bonding is more favored for NHJ than NH3, as shown in Fig. 9 for
pentaerythritol. The formation of the second H-bond can readily take
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Fig. 6. XRD diffractograms of precipitated CaCO3 samples.
Table 5
Percentage content of vaterite in precipitated samples
Xv).
Sample Xy [%]
Control 96.7
1% vol. glycerol 96.8
1% vol. EG 96.7
1% vol. MeOH 97.1
1% vol. iPrOH 97.1
1% wt. pentaerythritol 96.7
1% wt. NPG 98.5

CO», capture.

Finally, it is also observed that polyols do not necessarily perform
better as capturing agents for both NHs and CO, compared to e.g. iso-
propanol. This is especially clear for ethylene glycol and glycerol that
have a more ‘dense’ distribution of -OH groups in their molecular

place for NH}, whereas the NH; molecule is too distanced from the
second —~OH group for the formation of a second H-bond. Similar
simulation results were obtained for all the tested polyols, with the
exception of the neopentyl glycol because of the long separation dis-
tance between both —OH groups.

In summary, molecular-based thermodynamic modeling results on
the strength of H-bonds formed between the —OH groups and ammonia

5 . :g 3
£ o ;/’ _
2 . _
% %
o ? .

Fig. 7. Energy effect of H-bonding between studied alcohols and different molecules present during the processes.
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Single H-bond NH,*
AE =-23.04kJ

Single H-bond NH,
AE=-42.02 k

Double H-bond NH,*
AE=-4435k)

Double H-bond NH; (not formed)
AE =-50.31 kJ

Fig. 9. Optimized geometries and energy effects of single double H-bonded NH4 and NH;3 molecules with the pentaerythritol. Carbon, hydrogen, oxygen and ni-

trogen are grey, white, red and blue spheres, respectively.

and ammonium ions revealed the key features of molecules of various
alcohols and polyols that influence their efficiency in the capture of
ammonia in aqueous solutions. A strong preference to bind NHj is
desirable for the ideal additive, while simultaneous bonding with NH}
should be as limited as possible. In addition, an increasing number of
—-OH groups in additives can generally promote capture efficiency.
Furthermore, the distance between neighboring ~OH groups in the ad-
ditive molecule is also important, and a closer location of these groups in
the molecule favors the formation of dual bonds more with NHZ than
NHs. The modeling results support the experimental observations that
neopentyl glycol is the best additive for the NH3/CO5, capture efficiency
among the studied alcohols and polyols.

4. Conclusions

In this study, the influence of selected organic substances containing
hydroxyl groups on the reduction of ammonia escape and the
improvement in COy capture efficiency during the calcium carbonate
precipitation by carbonation method using the post-distillation liquid
from the Solvay process and the gas stream containing CO; in the

10

amount corresponding to the exhausted gases produced by fossil fuel
combustion was investigated. Two monohydric alcohols (methanol and
isopropanol) and four polyols (ethylene glycol, neopentyl glycol, glyc-
erol, and pentaerythritol) were tested as additives. Furthermore, during
the proposed CaCOg precipitation using a post-distillation solution from
the Solvay process and ammonia as the CO; absorption promoter, 98.7%
of the NHj initially introduced into the reaction mixture remains in the
solution. Among the tested additives, neopentyl glycol showed the
highest reduction in NH3 escape (83.1%) and the highest CO, capture
efficiency (86.1%). The advantage of using NPG as an additive during
CaCOs precipitation is obtaining the final product mainly in the form of
vaterite (98.5%), which expands the possibilities for the potential use of
this valuable by-product. Moreover, neopentyl glycol is nontoxic and
nonvolatile, so it can be successfully used as an effective ammonia
escape inhibitor in the proposed method of carbonation of the post-
distillation liquid from the Solvay process.

Molecular-based thermodynamic modeling revealed the features of
molecules that should be taken into account when introducing various
alcohols and polyols to capture NH3 and COs in the calcium carbonate
precipitation by carbonation method. It was shown that (i) a
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correlationship exists between the amount of ammonia retained and the
H-binding energy of NH3 and NH4 with organic molecules, and (ii)
increasing the number of -OH groups might promote capture efficiency.
The modeling results provide further support for the carbonate precip-
itation experiments showing best capture efficiency of ammonia and
carbon dioxide for solutions containing neopentyl glycol having two
isolated hydroxyl groups in the molecule.
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