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Abstract: As a chemical absorption method, the new ammonia carbon capture technology can cap-
ture CO,. Adding ethanol to ammonia can reduce the escape of ammonia to a certain extent and
increase the absorption rate of CO,. The dissolution and crystallization of ethanol can realize the
crystallization of ammonium bicarbonate and generate solid products. The induction of the crystal-
lization process is influenced by many parameters, such as solution temperature, supersaturation,
and solvating precipitant content. The basic nucleation theory is related to the critical size of nucle-
ation. Accurate measurement of the induction period and investigating relevant factors can help to
assess the nucleation kinetics. The effects of solubilizer content, temperature, and magnetic field on
the induction period of the crystallization process of ammonium bicarbonate in the ethanol-H,O
binary solvent mixture and determining the growth mechanism of the crystal surface by solid-liquid
surface tension and surface entropy factor are investigated. The results indicate that under the same
conditions of mixed solution temperature, the crystallization induction period becomes significantly
longer, the solid-liquid surface tension increases, and the nucleation barrier becomes more significant
and less likely to form nuclei as the content of solvating precipitants in the components increases.
At the same solubilizer content, there is an inverse relationship between the solution temperature
and the induction period, and the solid-liquid surface tension decreases. The magnetic field can
significantly reduce the induction period of the solvate crystallization process. This gap tends to
decrease with an increase in supersaturation; the shortening reduces from 96.9% to 84.0%. This
decreasing trend becomes more and more evident with the rise of solvent content in the solution. The
variation of surface entropy factor under the present experimental conditions ranges from 0.752 to
1.499. The growth mode of ammonium bicarbonate in the ethanol-H,O binary solvent mixture can
be judged by the surface entropy factor as continuous growth.

Keywords: crystallization induction period; ammonium bicarbonate; binary blend solvent; crystal

surface growth mechanism

1. Introduction

As the primary source of greenhouse gas in recent years, CO; affects the living envi-
ronment of humans. Carbon capture and storage (CCS) technology is considered the most
economical and feasible way to reduce greenhouse gas emissions and slow down global
warming on a large scale in a short period of the future. The new ammonia-based carbon
capture technology using ammonia water as an absorbent is essentially a liquid-phase CO,
capture technology of chemical absorption. It is one of the most potent ways to effectively
achieve large-scale CO, emission reduction [1-4].

Since the new absorbent ammonia was proposed, many researchers have explored
the reaction mechanism, absorption, and regeneration law of ammonia decarbonization

Energies 2022, 15, 6231. https:/ /doi.org/10.3390/en15176231

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en15176231
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-4453-0287
https://doi.org/10.3390/en15176231
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15176231?type=check_update&version=2

Energies 2022, 15, 6231

20f13

with various reaction devices and processes [5-9]. The CCS technology route for industry
contains pre-combustion decarbonization, oxygen-enriched combustion, chemical chain
combustion, and post-combustion decarbonization [10]. For conventional coal-fired power
plant units, the flue gas volume is about 4 x 10° to 5 x 10° Nm3/h per 100 MW unit, with
a CO; concentration of about 8% to 16% in the main composition and the rest containing
4% to 10% Oy, 70% to 75% Ny, 4% to 6% H,O, and some micro/trace components. The
post-combustion CO, capture technology is the most mature, complete, applicable to
most industrial plants, and easy to retrofit. Chemical absorption, the most feasible post-
combustion carbon capture technology, shows great promise for industrial applications.
Currently, the primary industrial method is alcohol-amine solution ethanolamine (MEA)
absorption. Still, in the practical application, there are many insurmountable problems
such as high energy consumption for regeneration, severe equipment corrosion, and easy
solvent volatilization and decomposition [11]. The ideal CO, chemical absorbent should
have a high CO, absorption rate, low reaction heat, low corrosiveness, low viscosity,
low degradation rate, low raw material price, and environmental friendliness. Therefore,
ammonia decarbonization technology was probably one of the most likely technologies
to be applied to industrial large-scale post-combustion carbon capture. Compared with
MEA, the ammonia solution as a CO; absorber has many advantages [12,13]: CO; solid
absorption capacity, low heat of absorption reaction, low degradation by O; in flue gas,
low corrosiveness, and low raw material price, which helps to form an integrated system
of energy gradient utilization and integrated removal of multiple pollutants. At the same
time, its by-products also have some agricultural utilization value. In a typical post-
combustion ammonia decarbonization system flow, the typical existing processes of this
technology are as follows: the Alstom frozen ammonia process mainly uses ammonium
carbonate and ammonium bicarbonate mixed slurry as recycled absorbent and can achieve
an absorption capacity of up to 1.2 kg CO,/kg NH3 and its removal rate is as high as 90%
with regeneration energy consumption of only 1.0 GJ/t CO; [2]. The Powerspan ECO,
process does not require cooling like the CAP method, and the ECO, pilot plant has a
power loss of only 16% and energy consumption of 1.1 GJ/t CO,, which is only 27% of
the energy consumption of the MEA method and can achieve a removal efficiency of more
than 90% [14]. The CSIRO ammonia process in Australia has an absorption temperature of
15-30 °C; ammonia concentration below 6 wt.%; carbon burden of the lean liquor between
0.2 and 0.4; CO, removal efficiency of more than 85% [15]. The new ammonia carbon
capture technology is promising, and the addition of ethanol can reduce the ammonia
escape to a certain extent and increase the rate of CO, absorption, among other advantages.
The application of this technology for industry is reflected in the mixture of CO, and
ammonia to produce ammonium bicarbonate, which can provide a new way to produce
ammonium fertilizer by solubilization and crystallization. It can also be coupled with
sucrose production to synthesize nitrogen fertilizer. The new ammonia carbon capture
technology can provide a new way to synthesize nitrogen fertilizer and other similar
fertilizers, and can also be used for industrial applications in industries such as agricultural
products and heating and power generation.

The induction period and metastable zone width are two essential parameters in the
crystal nucleation process and play an important role in the crystallization process and the
design of the crystallizer [16-18]. The core process of ammonium bicarbonate dissolution
and crystallization in the new ammonia-based carbon capture system is the crystallization
of ammonium bicarbonate. Nucleation has a significant impact on crystallization products.
Improper operation easily causes problems such as small particle size, wide particle size
distribution, and poor fluidity [19-21], which affect the application of the overall carbon
capture process. Therefore, it is necessary to systematically study the induction period of
the ammonium bicarbonate crystallization process.

The induction period can be generally divided into several parts. The relaxation time
t requires for the system to reach the quasi-steady state of the molecular cluster. The time
tn is required to form a stable nucleus and the growth time t, is required for the nucleus to
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grow to the size detected by the detection device [22-24]. The length of the induction period
mainly depends on the supersaturation of the solution. The larger the supersaturation of
the solution is, the shorter the induction time. When the magnitude of supersaturation
tends to the middle line of the first metastable zone and the second metastable zone, the
induction period is more significant. If the supersaturation is in the first metastable zone
and no crystalline seed is added, no crystals are produced [23,25].

In the crystallization process, the degree of influence of the solution itself and external
forces on the degree of supersaturation is usually explored. Then the degree of supersat-
uration is controlled in the appropriate metastable zone to shorten the induction period
while obtaining crystalline products with larger and more uniform particle sizes [26-28].
Maheswata Lenka et al. [19] systematically studied the induction period and the width of
the metastable zone of cooling crystallization of l-aspartic acid hydrate, the variation of
the induction period at different temperatures and in the range of supersaturation, and
the resulting calculation of parameters such as surface tension and critical nucleation. You
et al. [29] measured the metastable zone and induction period of the crystallization process
of aluminum ammonium sulfate in water by the aggregated laser reflectivity method.
The effect of temperature and supersaturation on the induction period was systemati-
cally investigated. The mechanism of primary homogeneous phase nucleation with liquid
surface energy was determined using Sangwal’s classical three-dimensional nucleation
method. Wang et al. [30] systematically measured the induction period and the width of
the metastable zone of sodium vanadate crystallization in NaOH at different temperatures
using laser scattering and analyzed the effects of NaOH concentration, supersaturation,
stirring rate, cooling rate, and other influencing factors on the induction period, and de-
termined the primary nucleation kinetics from the results of the induction period and
metastable zone. Feng et al. [1] investigated the process of CO; mass transfer in an amine
absorption reactor under the action of a static magnetic field. They elucidated that ammonia
as an absorbent can lead to effective mass transfer in CO, absorption that the addition of an
external influencing factor, the static magnetic field, can enhance the facilitation of the mass
transfer process, and that the facilitation of the static magnetic field is more pronounced for
low concentration CO, absorption mass transfer.

In summary, it can be seen that the solution temperature, ultrasound, solubilizer con-
tent, magnetic field, and other factors influence the supersaturation of the induction period
of the crystallization process. The induction period can calculate the nucleation rate, and
accurate measurement can provide essential parameters for assessing the crystallization
kinetics. There is no report on the induction period of the crystallization process of ammo-
nium bicarbonate in the ethanol-H,O binary solvent mixture in the new ammonia carbon
capture system. Therefore, this paper mainly studies the influence factors of the induction
period of ammonium bicarbonate crystallization in the ethanol-H,O binary solvent mixture,
investigates the influence of the ethanol content of the solvating agent and the magnetic
field on the induction period, and determines the growth mechanism of crystal surface
by calculating the solid-liquid surface tension and surface entropy factor. The relevant
characteristics of nucleation and the growth of the ammonium bicarbonate crystallization
process in ethanol-H,O binary mixed solvent, which has important guiding significance for
the selection of temperature and solvent ratio in the core process of ammonium bicarbonate
crystallization in the new ammonia carbon capture system, are investigated.

2. Materials and Methods
2.1. Experimental Chemicals

The drugs used in the experimental procedure to determine the crystallization induc-
tion period are shown in Table 1.
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Table 1. List of experimental chemicals.

Name Chemical Formula Purity/Concentration
Ammonia NH3-H,O 25~28 wt.%
Ammonium bicarbonate NH4HCO; Analysis of pure

Ammonium carbamate NH,COONH,4 Analysis of pure
Anhydrous ethanol CH3;CH,OH Analysis of pure
Sulfuric acid H,S04 0.05 mol/L

2.2. Experimental System

The experimental setup used during the experiment is shown in Figure 1. The photo-
electric transmitter emits laser light, the laser receiver receives laser light, and the recorder
converts the received optical signal into an electrical signal and outputs the relevant infor-
mation. The glass jacketed crystallizer serves as the core reactor for the reaction with an
inner diameter of 10 cm and a height of 12.0 cm. A super thermostatic water bath with a
temperature control accuracy of +0.1 °C is used to control the temperature of the induction
phase process in the dissolver. A magnetic stirrer powers the magnetic stirring rotor and
provides a specific stirring rate for the solution in the dissolver. A precision thermometer is
used to record the temperature changes of the reaction process in the dissolver.

Figure 1. Schematic diagram of the induction period determination device (1—recorder; 2—laser
receiver; 3—precision thermometer; 4—dissolver; 5—magnetic stirring rotor; 6—magnetic stirrer;
7—photoelectric transmitter; 8—super thermostat water bath).

2.3. Experimental Steps

The steps for the determination of crystallization induction of ammonium bicarbonate
in ethanol-H,O binary solvent are as follows: (a) Accurately weigh a certain mass of solute,
configure a certain solvent ratio of mixed solvent, dissolve the weighed solute in the mixed
solvent, and prepare the solution at a specific temperature. (b) Add the prepared solution
into the crystallizer, turn on the super thermostat water bath, turn on the photoelectric
emitter and the receiver, set a specific stirring rate, and preheat for 30 min. (c) Pour a certain
amount of reaction solvent with the same set temperature into the crystallizer quickly, and
start the recorder simultaneously. (d) Stop the recorder when there is a sudden change
in the data displayed by the receiver. At this time, the data displayed by the recorder is
the experimental data of the crystallization induction period. (e) Adjust the temperature
and composition of the reaction solvent, adjust the operating conditions, and measure
the induction period under each working condition. (f) Cycle the above experimental
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steps to obtain the induction periods under different supersaturation, temperature, and
solvent composition.

2.4. Analytical Methods
The induction period can be expressed by Equation (1):

ting =tr +1tn + tg (1)

According to the crystal nucleation theory, it is known that the solid-liquid surface
tension mainly expresses the physical properties of crystals, and the crystal nucleation
mechanism is primarily determined by the solid-liquid surface tension [31-33]. Mean-
while, the solid-liquid surface tension is an essential thermodynamic parameter for the
optimization process of the solvation and precipitation crystallization process, as well as
for describing the nucleation of primary crystals and the crystal growth process [34,35].
Homogeneous nucleation can be generated only by overcoming the nuclear energy barrier,
and the free energy required in the crystal nucleation process can be calculated using the
following equation [36-38]:
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When the change in free energy satisfies % = 0, it is determined that a critical

nucleus is formed [39]. The minimum number of molecules required to form a critical
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For spherical particles, the above equation can be simplified to [40]:
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Using the induction periods obtained for different supersaturation solution conditions,
we can get the surface tension, which can be obtained by Equation (7) [41]:

AG,
kT

Int=InB+ )

In the equation, T is the solution temperature, AG, is the critical nucleation free energy
change, B is a constant, and k is the Boltzmann constant. Bringing (6) into (7), the following
equation is obtained:

16717302
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InT is linearly related to 1/In%S [42], and the solid-liquid surface tension can be obtained
by calculating the slope of the straight line [25,43].

The surface entropy factor is defined as:

Int=InB+ (8)

eAH,,
f= RT
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In the equation, AH,; denotes the heat of melting, and € denotes the surface anisotropy factor.
The smoothness of the crystal surface follows with the increase in the surface entropy
factor. As the smoothness of the crystal surface increases with the rise of the surface entropy
factor, the growth rate of the crystal decreases and the crystal growth at this time belongs
to helical dislocation-type growth [44—46]. Conversely, when the surface entropy factor
is low, the growth rate of the crystal surface is faster when the crystal exhibits reduced
surface smoothness and when the growth satisfies the continuum-type growth mode [47,48].
However, if we follow Equation (9), calculating the surface entropy factor is difficult to
achieve, so we need to simplify this equation. Barata et al. [49] proposed to predict the
surface entropy factor in terms of molecular volume v, temperature, and solid-liquid
surface tension v, three variables.
_ 471%7
f= %

(10)

3. Results and Discussion
3.1. Effect of Lysis Precipitant Content on Induction Period

The relationship between the induction period and the supersaturation of the solution
can be used in the experimental process to select a suitable supersaturation solution for
the solvation crystallization test and the solid-liquid surface tension under different work-
ing conditions calculated to help understand the crystallization process mechanistically.
Figure 2a,c,e are the relationships between the induction periods and the corresponding
supersaturation degrees at 15 °C, 20 °C, and 25 °C, for different solubilizer contents in
the mixed solvents. It can be found that the nucleation induction period is significantly
shortened with the increase in the supersaturation of the solution under the condition of
certain solubilizer content, and the supersaturation is mainly concentrated between 1.1
and 2.4 during this experiment. The shortening of the induction period is about 93.3% at
0.2359 mol/mol, 87.2% at 0.1707 mol/mol, and 60.0% at 0.1169 mol/mol. The shortening
of the induction period is evident with the increase in supersaturation at high solubilizer
contents. Meanwhile, under the same temperature and the same supersaturation, the
crystallization induction period is prolonged significantly with the increase in ethanol
content of the solubilizer in the mixed solvent fraction, and the induction period time is as
high as 220 s at the solution temperature of 15 °C and supersaturation of 1.25. Because the
solubility of the mixed solvent decreases when the solubilizer content increases, the solute
in the mixed solvent decreases under the same supersaturation condition, which reduces
the chance of practical collision and is not conducive to the generation of spontaneous
nucleation, resulting in a significantly more extended induction period.

Figure 2b,d,f are the graphs of supersaturation versus induction period at different
solubilizer contents in the mixed solvents at temperatures of 15 °C, 20 °C, and 25 °C. If
the crystallization is a spontaneous homogeneous nucleation process, Int;,;~1/In?S should
be a straight line according to Equation (8). From Figure 2b,df, it can be found that the
logarithm of the induction period in the binary ethanol-H,O solvent mixture at different
temperatures in the experimental supersaturation range is linearly related to the inverse
of the square of the logarithm of the supersaturation. The linearity of the two data sets
indicates that the experimental process is homogeneous nucleation under these conditions.
Since no crystalline species were added and the experiments were performed under dust-
free conditions, no heterogeneous nucleation occurred. The homogeneous nucleation
solid-liquid interfacial tension of the ethanol-H,O binary solvent system can be calculated
from the slope of the straight line. When the solution temperature is 15 °C, the straight line
slope is 0.0896 when the solubilizer content is 0.1169 mol/mol, 0.1128 when the solubilizer
content is 0.1707 mol/mol, and 0.3719 when the solubilizer content is 0.2359 mol/mol.

It can also be found that at the same temperature, with the increase in the molar fraction
of ethanol in the ethanol-H,O binary solvent mixture, the slope of the Int;,;~1/In?S straight
line increases and the induction period time is prolonged, indicating that the nucleation
barrier becomes more significant and less likely to form nuclei.
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Figure 2. (a) Relationship between supersaturation and induction period at different solubilizer
contents (t = 15 °C). (b) Relationship between Int;,,; and 1/ In?S at different solubilizer contents
(t =15 °C). The lines are the linear fit curve of Int;,; and 1/In2S. (c) Relationship between supersat-
uration and induction period at different solubilizer contents (t = 20 °C). (d) Relationship between
Int;,; and 1/In2S at different solubilizer contents (t = 20 °C). The lines are the linear fit curve of Int;,;;
and 1/In%8. (e) Relationship between supersaturation and induction period at different solubilizer
contents (¢ = 25 °C). (f) Relationship between Int;,; and 1/In%S at different solubilizer contents
(t = 25 °C). The lines are the linear fit curve of Int;,,; and 1/In?S.

3.2. Effect of Temperature on Induction Period

Figure 3a,c,e are the relationships between the induction period and the corresponding
supersaturation at different temperatures of the solutions when the molar fractions of
the solubilizer ethanol are 0.1169, 0.1707, and 0.2359 mol/mol. The induction period of
the solution temperature of 15 °C is more extended than that of the solution temperature
of 20 °C and 25 °C for a solution content of 0.1169 mol/mol under the premise of equal
supersaturation. The above trend is also satisfied for other solubilizer content conditions.
The inverse relationship between the solution temperature and the induction period is
observed at a certain solubilizer content. The higher the temperature, the shorter the
induction period, which indicates that the high temperature could promote homogeneous
nucleation to a certain extent. The influence of temperature on the spontaneous nucleation
of crystals is mainly reflected in two aspects: on the one hand, the increase in temperature
can increase the diffusion coefficient of solute and strengthen the diffusion process of the
solute; on the other hand, the temperature rise can make the energy of solute molecules
increase, so that the probability of practical collision of solute molecules increases, and thus
spontaneous nucleation is more likely to occur.
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Figure 3. (a) Relationship between supersaturation and induction period at different temperatures
(xc = 0.1169). (b) Relationship between Int;,; and 1/In2S at different temperatures (x; = 0.1169).
The lines are the linear fit curve of Int;,; and 1/In2S. (c) Relationship between supersaturation and
induction period at different temperatures (x, = 0.1707). (d) Relationship between Int;,; and 1/In%S
at different temperatures (x, = 0.1707). The lines are the linear fit curve of Int;,; and 1/ In2S. (e)
Relationship between supersaturation and induction period at different temperatures (x. = 0.2359).
(f) Relationship between Int;,,; and 1/In?S at different temperatures (x; = 0.2359). The lines are the
linear fit curve of Inf;,; and 1/In?S.

Figure 3b,d,f are the graphs of supersaturation versus induction period at different
temperatures for the molar fractions of ethanol, and 0.1169, 0.1707, and 0.2359 mol/mol of
a solubilizer. The slope of the straight line is 0.1092 when the solution temperature is 15 °C,
0.1608 when the solution temperature is 20 °C, and 0.2878 when the solution temperature
is 25 °C under the condition of 0.2359 mol/mol solubilizer content. It is found that the
slope of the straight line Int;,;~1/In?S decreases with the increase in temperature for the
same solubilizer content. Moreover, it can be seen that the solid-liquid surface tension
between the solution and crystal surfaces tends to decrease when the temperature increases,
indicating that the rise in temperature helps to lower the nucleation barrier and promote
the homogeneous nucleation process. This is verified in Section 3.4.

3.3. Effect of Magnetic Field on Induction Period

Figure 4a—c show the relationship between the induction periods and the correspond-
ing supersaturation degrees at temperatures of 15 °C, 20 °C, and 25 °C with and without
magnetic fields. It can be found that when the temperature and solubilizer content are
the same, the induction period under the magnetic field is smaller than that without the
magnetic field. The shortening of the induction period tends to decrease with the super-
saturation increase. The induction period’s shortening becomes more evident with the
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rise of the content of the solubilizer in the solution. Because a magnetic field changes the
hydrogen bonding in water molecules, the polarity of the water is enhanced. The viscosity
of the water is reduced [50,51], so the diffusion process of solute is accelerated under the
effect of the magnetic field, the range of motion of solute molecules is more extensive and
more accessible, there are more opportunities for solute molecules to collide, the practical
collision is increased, and the nucleation process is promoted. On the other hand, the
presence of a magnetic field decreases the surface tension of the solution, and the free
energy of the liquid—solid transition during crystallization decreases, which reduces the
critical nucleation radius [52,53]. In summary of the above two reasons, the presence of a
magnetic field can shorten the induction period time.

(a) 280 —&— Magnetic Field 0.1169 mol/mol
—@— Magnetic Field 0.1707 mol/mol
240 - —A— Magnetic Field 0.2359 mol/mol
200 [ " 701169 molmol
N —¢0.1707 mol/mol
%160 - \—FHI'\*”HN»J mol
“120t
80+
40
0F
(b) 240 —&— Magnetic Field 0.1169 mol/mol
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160 \\‘\+1)A|_"_Ily;lmﬂl
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Figure 4. (a) Variation of induction period with supersaturation in the presence and absence of a
magnetic field (t = 15 °C). (b) Variation of induction period with supersaturation in the presence and
absence of a magnetic field (f = 20 °C). (c) Variation of induction period with supersaturation in the
presence and absence of a magnetic field (f = 25 °C).
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Comparing Figure 4a—c, it can be found that the effect of a magnetic field on shortening
the induction period becomes weaker as the temperature increases. At a solubilizer content
of 0.2359 mol/mol, the shortening of the induction period is about 96.9% at a solution
temperature of 15 °C, 87.5% at a solution temperature of 20 °C, and 84.0% at a solution
temperature of 25 °C. The above trends are also satisfied under the conditions of other
solubilizer contents. This is mainly because when the temperature is lower, the average
spacing between molecules is smaller, and the water molecules are bound together by
hydrogen bonds [54]. When the temperature increases, the magnetization rate tends to
decrease with the increased temperature, the intermolecular spacing increases, and the
interaction between the magnetic moments of water molecules is weakened. At the same
time, the thermal motion of molecules increases with temperature, and the orientation of
molecular magnetic moments is disrupted, which eventually leads to the weakening of the
magnetic field on the solution. The effect of a magnetic field shortens the induction period
and decreases with temperature.

3.4. Crystal Surface Growth Mechanism

The line between Int;,; and 1/In2S is straight, and the slope of the line can be obtained
and combined with Equation (8), and the solid-liquid surface tension value can be found.
The solid-liquid surface tension calculated using the relationship between supersaturation
and induction period under this experimental condition is listed in Table 2. In studying
crystal growth mechanisms, the surface entropy factor can theoretically be used to de-
termine the crystal surface growth mechanism. In the experimental study of this paper,
Equation (10) is used to calculate the surface entropy factor, and the calculation results are
listed in Table 2.

Table 2. The calculated results of interfacial tension and surface entropy factor.

T/K Solvent Composition/(mol-mol—1) Y/(J-m—2) f
283.15 0.1169 0.004187 0.752
283.15 0.1707 0.004683 0.8612
283.15 0.2359 0.008404 1.499
288.15 0.1169 0.00414 0.777
288.15 0.1707 0.00433 0.818
288.15 0.2359 0.008167 1.403
293.15 0.1169 0.003664 0.804
293.15 0.1707 0.003957 0.876
293.15 0.2359 0.00589 1.127

Comparing the data in the table, the solid-liquid surface tension and surface entropy
factor of ammonium bicarbonate in the binary ethanol-H,O solvent mixture show de-
creasing trends with increasing temperature. At the same temperature, the solid-liquid
surface tension increases with the ethanol content of the solubilizer in the mixed solvent.
In the range of experimental study conditions in this paper, the variation of surface entropy
factor ranges from 0.752 to 1.499. The Monte Carlo method is used to simulate the crystal
surface’s growth. The range of entropy factor variation can be determined when the crystal
growth mechanism changes [55-57], and the results are shown in Table 3. It is found that
the solubilizer content and temperature do not significantly affect the growth mechanism
of ammonium bicarbonate crystal surface within the scope of this experiment, and the
growth mode of ammonium bicarbonate in the binary mixture of ethanol and water could
be determined as continuous growth. It can also be seen from the above data that as the
temperature decreases and the content of ethanol in the binary solvent mixture increases,
the surface entropy factor gradually increases, the crystal surface becomes smoother, and
the crystal growth energy barrier gradually increases. The nucleation and growth char-
acteristics of ammonium bicarbonate crystallization in ethanol-H,O binary solvents are
essential for selecting the temperature and solubilizer ratio in the crystallization process.
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Table 3. Relationship between surface entropy factor and crystal growth.

Surface Entropy Growing Position Roughness of Crystal Growth Type
Factor Surface
f<3 A bumpy ride into the crystal plane Rougher Continuous Growth
Direct growth onto the crystal surface, and also .
3<f<5 diffusion to the crystal surface of the step Smoother Transmissive growth
f>5 Dislocations through the surface into the lattice Very smooth Spiral dislocation growth

4. Conclusions

(1) Under the same mixed solution temperature, the crystallization induction period
becomes significantly longer with the increase in ethanol content of the solubilizer in
the components. The nucleation induction period becomes significantly shorter with
the increase in the solution’s supersaturation under certain solubilizer content, and the
shortening is increased from 60.0% to 87.2% and 93.3%. The increase in supersaturation
could significantly enhance the homogeneous nucleation process.

(2) Under the same solubilizer content, there is an inverse relationship between so-
lution temperature and induction period. The increase in mixed solution temperature
decreases the solid-liquid surface tension, and the induction period is significantly short-
ened. Temperature can promote homogeneous nucleation to a certain extent.

(3) At the same temperature of the mixed solution, the presence of a magnetic field can
significantly reduce the induction period of the solvation crystallization process, and this
gap tends to decrease with the increase in supersaturation. This decreasing trend becomes
more and more evident with the rise of the solvating agent content in the solution. As the
temperature increases, the magnetic field shortens the induction period less and less, and
the shortening reduces from 96.9% to 84.0%.

(4) The solid-liquid surface tension and surface entropy factor gradually increase
with the decrease in temperature and the increase in ethanol content of the solubilizer in
the binary solvent mixture, and the variation of surface entropy factor under the present
experimental conditions ranges from 0.752 to 1.499. The crystal surface becomes smoother
and smoother, and the crystal growth energy barrier steadily increases. It can be judged that
the growth mode of ammonium bicarbonate in the ethanol-H,O binary solvent mixture is
continuous growth.

(5) This paper investigates the efficiency of the mass transfer characteristics and
the enhancement of the CO, absorption rate of the new carbon capture system from a
quantitative point of view under the conditions of the new ammonia carbon capture system
with the addition of the additional field, the solubilizer ethanol, and the addition of the
static magnetic field. The new ammonia carbon capture technology can provide a new way
to synthesize nitrogen fertilizer and other similar fertilizers and can also realize industrial
applications for industries such as agricultural products and heating and power generation.
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