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Abstract: Usually, the ion implantation gases used in semiconductor production are required to be
extremely high in purity. Due to the presence of trace CO; in electronic special gas BF3, the quality of
the material is significantly affected, which makes it crucial to impose control on CO, content. Unlike
a series of blank adsorbents reported in other studies, the zinc-loaded adsorbents prepared in this
study are intended for the adsorption of CO; from CO, /BFj3. Firstly, the materials were characterized
by XRD, BET, SEM-EDS and TG-DSC analysis, etc., and the breakthrough curves of the adsorbents as
obtained under different preparation conditions were investigated at 20 °C and 200 kPa. The results
show that the adsorption performance reached the optimal level when the activation temperature was
450 °C and a 13X molecular sieve was impregnated by 0.15 mol/L Zn(NOj3),. Moreover, compared
with the Zn-13X, the breakthrough time was reduced to 69% and 44% in two adsorption cycles,
respectively. Finally, FTIR was used to reveal the adsorption mechanism of the carbonates produced
by CO, adsorption. It was found that the adsorption performance was affected by the irreversible
reduction in the number of active sites due to the continuous formation of polydentate carbonate
during adsorption and regeneration.

Keywords: CO, adsorption; 13X molecular sieve; carbonate species

1. Introduction

As the market demand for chips increases, the need for better performance and
higher yields is also growing, which drives the rapid progress made in semiconductor
manufacturing technology. Meanwhile, the advances in chip design have also led to a
continuous increase in the demand for better chemicals. By the 1970s, ion implantation
techniques had been widely applied because of their anisotropy, the alignment of source
and leak poles, and the accurate control of nodule depth and doping concentration [1]. As
a commonly used P-type dopant source, BF; is also a strong Lewis acid that hydrolyzes
rapidly after coming into contact with water to form HF. Research by C. Graham calculated
the quadrupole moment of BF; to be 12.6 x 107% cm? (20 °C) [2]. Due to the electron-
deficient structure of the central B atom, B forms complexes with atoms containing single
electron pairs instantly. In some studies, it has been indicated that the order of affinity
strengths of BF3 with Lewis bases is as follows: amine > ether > aldehyde > nitrile >
carbon monoxide [3]. As a Lewis base, CO, can form a Lewis acid-base adduct with
BF; [4]. Figure 1 shows the form of BF3 complexes with CO,. The CO; in BF3 used for ion
implantation can introduce carbon impurities into wafers, increasing the leakage current
of gate oxides and severely affecting the electrical properties of the device. Additionally,
the introduction of carbon impurity leads to a poor uniformity of the radial resistivity of
silicon, which significantly decreases the breakdown voltage of the device, resulting in
greatly reducing the lifetime of the device [5].
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Figure 1. Structure of the BF3-CO, complex.

The mainstream method used for the industrial production of BFj3 is fluoroborate py-
rolysis [6]. However, this method tends to introduce various impurities into BF3, including
SiF4 and CO,, which are difficult to remove. Fortunately, SiF4 can be removed through
reduced pressure distillation, but CO, is non-existent in the liquid phase at atmospheric
pressure. If we rely solely on distillation to remove CO;, the liquid phase would develop
only when the pressure exceeds the three-phase point (527 kPa). In this case, it remains
necessary to make a difference between the boiling point and freezing point of CO, by
increasing the pressure for sufficient distillation. However, high pressure distillation not
only increases the cost of various equipment such as compressors and other pressure
transmission devices but also narrows the boiling point difference between BF; and SiFy,
making it more difficult to remove the impurities. Therefore, other purification methods
must be used as well to remove CO, from BFs;.

The common methods used to remove CO; in industrial settings include absorption
and adsorption [7]. Under the absorption method, thermoalkaline solutions such as hot
potassium carbonate or organic amine solutions are commonly used for the absorption
of CO,. However, this method is unsuited to the removal of CO; from BF; systems due
to the strong reactivity and affinity of BF; to water and amine. Adsorption is considered
a simple and inexpensive way to remove CO;. The solid adsorbents commonly used for
CO; removal include zeolites [8-11] and metal-organic framework materials [12-14]. The
adsorption of CO, from BF3 with activated carbon has been proposed [15], but after adding
activated carbon, the concentration of CO, decreased only from 200 ppm to 150 ppm. The
patent mentions the adsorption of CO; and SiF4 from BF3 at low temperatures with zeolites
such as 4A/5A /13X [16,17]. In order to ensure the separation effect, it is necessary to carry
out a low-flow rate adsorption operation, but this will generate adsorption accumulation
of heat, leading to a non-continuous operation. However, these adsorbents all rely only
on the basicity of the zeolite or the well-developed pore structure of the activated carbon,
which leads to a low capacity for the adsorption of CO; by this system.

Additionally, when CO, concentrations are low, relying solely on physical adsorption
can result in extremely poor adsorption capacities due to insufficient mass transfer propul-
sion. This problem can be effectively reduced by means of chemical adsorption. Fatemeh
Fashi et al. loaded piperazine onto a 13X zeolite to produce excellent performance in CO,
adsorption from the air and natural gas [18]. Su-Kyung Lee et al. prepared nitrogen-doped
microporous carbon with a high N content, which showed high CO, adsorption capacity
for CO,-HpO-Nj mixtures [19]. However, as mentioned above, BF3 shows a very strong
affinity for amine groups, and this method may cause competitive adsorption and unsatis-
factory adsorption performance when used in the CO, /BF; system. An efficient solution
to this problem is alkali metal oxide loading, which relies on adsorption to generate the
carbonates, such as chemisorption. Research by M. Kato et al. used lithium orthosilicate to
achieve a high saturation adsorption capacity at room temperature and high temperatures
under 500 ppm and a 2% CO, concentration [20]. The macro-porous K,CO3-doped LisSiO4
pellets were used to adsorb CO; at 580 °C, and better cycling stability was obtained [21].
Madhavi Jonnalagadda et al. showed that porous carbon-supported calcium oxide can be
used for the adsorption and separation of CO; in CH/CO; systems at 25 °C [22]. Fan
Wang et al. applied mesoporous magnesium oxide-alumina composites to CO, capture at
25 °C [23]. Pang, H., et al. prepared a MgO-Nap,CO3-KNOj3 adsorbent for CO, adsorption
at 400480 °C, and the adsorbent showed excellent cycling stability [24]. Nevertheless, the
adsorption performance of these metal oxides is still unsatisfactory at low temperatures.



Processes 2023, 11, 1075

3of 14

It cannot match well with the low-temperature distillation process of BF3 in terms of pro-
cess energy consumption. ZnO supported activated carbon [25], mesoporous GO-ZnO
nanocomposites [26], and activated carbon modified by ZnCl, [27] exhibited excellent
adsorption properties at 40 °C, 25 °C and 0 °C, respectively.

Therefore, this paper aims to develop an inexpensive and readily available adsorbent
that can be used to remove CO; using a zinc metal salt modifying carrier with good ad-
sorption performance for the CO,/BF; system. By exploring the optimum preparation
conditions of a series of adsorbents, the performance of modified adsorbents was signif-
icantly improved compared with that of blank adsorbents. In this study, the modified
adsorbent was initially used in the CO,/BF3 system. At the same time, the materials were
characterized by XRD, BET, SEM-EDS, TG-DSC analysis, etc., and the adsorption perfor-
mances of the adsorbents were measured. Finally, the regeneration adsorption performance
of the adsorbent was explored, and the changes in carbonate species on the surface of the
adsorbent were revealed through FTIR during the adsorption and regeneration processes.

2. Materials and Methods
2.1. Adsorbent Preparation

Commercial zeolite 4A (diameter: 3-5 mm), zeolite 5A (diameter: 3-5 mm), zeolite
13X (diameter: 3-5 mm), activated alumina (diameter: 3-5 mm), and activated carbon (rod,
®1.5) were used as the carriers of active components. ZnSOy4-7H,0O (99%) was provided
by Tianjin Damao Chemical Reagent Factory, Tianjin, China; ZnAc; (99%) was provided
by Shanghai Aladdin Biochemical Technology Co., Ltd, Shanghai, China. and ZnCl; and
Zn(NOs3), standard solutions (1 mol/L) were provided by Shenzhen Bolinda Technology
Co., Ltd, Shenzhen, China. During the process of preparation, the original carrier was
washed twice with distilled water and then heated in a drying oven at 110 °C for 2 h to
remove all potential impurities. After the optimal carrier was determined, it was immersed
in the zinc metal salt solution for 6 h at 20 °C. Afterwards, the samples were dried at 110 °C
for 4 h, heated to 450 °C for 2 h for activation, and then stored under anhydrous conditions.
Finally, the adsorbent samples modified by ZnSO,, ZnAcy, ZnCl, and Zn(NO3), were
obtained, respectively.

2.2. Characterization of Adsorbents

To measure the pore size, pore volume and specific surface area of the adsorbents,
nitrogen adsorption was performed at 77.4 K using a surface analyzer (ASAP 2460, Mi-
cromeritics Instrument Corporation, Atlanta, GA, USA). Additionally, the specific surface
area was calculated by the BET method. The crystal structures of adsorbents loaded
with different zinc salts were determined through X-ray diffraction (Bruker D8 advance,
Bruker Corporation, Billerica, MA, USA). X-rays were produced with Cu K« at a scanning
speed of 1°/min, and 26 ranged from 10° to 70°. For an analysis of mass changes in
modified adsorbent during calcination, the simultaneous thermal analyzer (STA 449F3
Jupiter, NETZSCH-Gerdtebau GmbH, Bavaria, Germany) was used. The simultaneous
thermal analysis was carried out at a rate of 10 °C/min from 50 °C to 600 °C in a nitrogen
atmosphere. Fresh, post-adsorbed and regenerated adsorbents were analyzed by means
of Fourier transform infrared spectroscopy (Nicolet i510, Thermo Fisher Scientific Inc.,
Waltham, MA, USA). The morphology of the adsorbent surface and the elemental dis-
tribution on it were observed using SEM-EDS (JEOL JSM-IT200, JEOL Japan Electronics
Co., Ltd., Shoshima City, Tokyo, Japan).

2.3. CO, Adsorption Experiments

The gas mixtures of BF3 (800 ppm), CO, (200 ppm), N3 (99.9%) and N (99.999%) were
provided by Dalian Daito Gas Co., Ltd. (Dalian, China) and Ningbo Linde Gas Co., Ltd.
(Ningbo, China), respectively. As BF; is highly toxic and extremely corrosive when reacting
with water, the raw gas used for this experiment was diluted with Nj to reduce the safety
risk of the experiment. To prevent the entry of moisture from the air into the equipment,
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positive pressure was maintained inside. The adsorbents used in this study were filled to
1 g in an adsorptive column with a diameter of 10 mm and a length of 450 mm. Adsorption
experiments were performed at a pressure of 200 kPa, with the operating temperature
set to 20 °C and the volumetric flow rate of the feed gas maintained at 60 mL/min. The
adsorption temperature was controlled by using the refrigerant coil and electric heating
jacket of the adsorption column. The CO; concentration at the column outlet was measured
using a CO, detector tube sourced from Kitagawa Corporation, Japan. Figure 2 shows
a schematic diagram of the adsorption system. To facilitate the experiment, adsorption
breakthrough was defined as when the CO, concentration at the outlet reached 80% of the
feed, which is 160 ppm.

Figure 2. Adsorption system: (1) Ny; (2) blended gases; (3) pressure reducing valve; (4) mass flow
meters; (5) buffer tanks; (6) pressure gauge; (7) valve; (8) thermocouple; (9) adsorptive column;
(10) refrigerant coils; (11) heating jackets; (12) circulating refrigeration pumps; (13) back pressure
valve; (14) sampling port; and (15) exhaust gas tank.

After loading the adsorbent each time, the column temperature was raised to 150 °C,
purged with N, and maintained for 2 h. The purpose of this was to remove water from
the adsorbent. The column temperature was reduced to the experimental temperature, and
nitrogen gas was converted into BF3 gas for the adsorption experiment. After the adsorption
experiment breakthrough, the gas path was switched to N, purge for 2 h, thus avoiding
contact with moisture in the air when the adsorbent was removed and HF was generated.

3. Results and Discussion
3.1. Optimization of Preparation Conditions
3.1.1. Optimal Carrier
The blank 4A, 5A, 13X, alumina, and activated carbon blank carriers were compara-

tively measured with a pH meter at a carrier-to-water mass ratio of 1:3. Table 1 lists the
pH values of the different blank carriers.

Table 1. pH values of the different blank carriers.

Sample 4A 5A 13X Al,O3 Activated Carbon
pH 9.59 9.68 10.67 9.23 7.10

As observed, the relative alkalinity of 13X is the strongest. The alkalinity of these
carriers is contributed to by the presence of their internal hydroxyl groups, and the strength
of the alkalinity is positively related to the number of internal hydroxyl groups. The ad-
sorption caused by the interaction between CO, and hydroxyl is attributed to physical
adsorption, and a larger number of alkaline carriers can improve CO, adsorption perfor-
mance. Comparing the three molecular sieves in the sample, the 13X molecular sieve has
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the strongest polarity. This is due to CO; having a strong quadrupole moment, which
leads to a stronger affinity with 13X of stronger polarity [28]. Furthermore, microporous
structures are a key feature of efficient CO, adsorption, and the pore size is particularly
important for the adsorption performance [29]. The pore size range of 13X is around
0.8-1 nm, which is larger than 5A (~0.5 nm) and 4A (~0.4 nm). The larger pore size of 13X
makes the adsorption of CO, less affected by the steric effect.

In order to investigate their effects on CO, removal, comparative adsorption exper-
iments on blank carriers (4A, 5A, 13X, Al,O3, and activated carbon) were performed at
20 °C. It was revealed that the purification performance of blank 13X was significantly
higher compared to other blank carriers.

According to the experimental results shown in Figure 3, the breakthrough curves of
all the blank carriers varied significantly, all the blank carriers showed a breakthrough in the
dynamic adsorption experiments at 20 °C before 150 min, and the effective adsorption time
of 13X approached 150 min when 160 ppm of CO; at the export of the column was defined
as the breakthrough point. This time is much longer than 30 min as the breakthrough time
of activated carbon. In CH;/CO, and N, /CO, systems, 13X also achieved better CO,
adsorption performance than the other molecular sieves. Allowing for this set of controlled
trials, 13X was determined as the optimal carrier.
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Figure 3. Breakthrough curves of blank carriers were compared at 20 °C: (a) 4A, (b) 5A, (c) 13X,
(d) Al,O3 and (e) activated carbon, respectively.

3.1.2. Selection of the Optimum Load

The crystal structures of blank 13X, ZnCl,-13X, ZnAcy-13X, Zn(NOj3),-13X and ZnSO,-13X
were comparatively measured by X-ray diffraction (XRD) in the 26 range of 10-70° to analyze
the impact of ZnCly, ZnAc;, Zn(NOs), and ZnSO4 on adsorbents. Figure 4 shows the XRD pat-
terns of the fresh adsorbent samples with all the major characteristic peaks. The zinc load on
the adsorbent sample is detailed in Table 2.

L@LJJLJL_JW\MWM

Intensity(a.u.)

Figure 4. XRD patterns of blank 13X and modified 13X: (a) blank 13X, (b) ZnCl,-13X, (c) ZnAc,-13X,
(d) Zn(NOs3),-13X and (e) ZnSO4-13X, respectively.
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Table 2. Elemental composition after modification of 13X with different zinc salts.
Sample 1 ZnCl,-13X ZnAcy-13X Zn(NO3),-13X ZnSQ04-13X
C element load /wt.% 12.15 12.86 9.61 12.45
N element load /wt.% 0.00 0.00 0.10 0.00
O element load /wt.% 35.77 38.91 38.31 35.08
Na element load /wt.% 5.86 3.37 5.17 4.69
Mg element load /wt.% 0.00 2.01 1.59 0.93
Al element load /wt.% 10.74 11.93 12.12 11.69
Si element load /wt.% 20.13 24.34 21.07 19.92
S element load /wt.% 0.00 0.00 0.00 0.91
K element load /wt.% 0.78 0.39 0.44 0.37
Ca element load/wt.% 0.49 0.48 1.01 0.66
Ti element load /wt.% 0.12 0.26 0.00 0.31
Fe element load /wt.% 1.65 2.67 1.65 1.95
Zn element load /wt.% 12.30 2.80 8.94 11.06

! The impregnation solutions were all 0.1 mol/L.

As observed, these adsorbents maintained the characteristic peaks of blank 13X,
suggesting that the major blank 13X structure was intact after the loading of these zinc
compounds. The presence of zinc in other adsorbents in these samples was confirmed by
Energy Dispersive Spectroscopy (EDS). However, the zinc content in ZnAc,-13X was found
to be significantly lower compared to the other adsorbents, reaching a mass percentage of
only 2.80%. This is because the activation temperature of the experiment reaches above
the boiling point of ZnAcp, which leads to sublimation during the calcination process.
The decomposition temperature of zinc sulfate is very high, which makes it difficult to
decompose at the experimental activation temperature. ZnCl, loading caused significant
changes to the structure of 13X zeolite [30]. Therefore, Zn(NOj3),-loaded zinc is incorporated
into the 13X structure or exists in the form of oxides, and the particle size is too small to
reach the detection limit of XRD, indicating the widespread distribution of zinc species.
Additionally, it can be seen from the data in Table 2 that even when Zn(NO3); is loaded
with 13X, the residual content of N element on 13X after calcination is extremely low.
This phenomenon can also be obtained from Table 3. This indicates that Zn(NOj3), has
been adequately decomposed in the calcination process. Moreover, an investigation was
conducted into the effects of different zinc salt loadings on the adsorption performance of
13X. Figure 5 shows the results of the adsorption breakthrough experiments on different
zinc salts loaded with 13X.

Table 3. Elemental composition after modification of 13X with different Zn(NO3), solution concen-

trations.
The Concentration of
Impregnating 0 0.05 0.1 0.15 0.2 0.3 0.4
Solution/(mol-L—1)

C element load /wt.% 7.76 9.31 9.61 9.01 11.25 11.12 11.56
N element load /wt.% 0.00 0.00 0.10 0.00 0.00 0.19 0.00

O element load /wt.% 52.34 45.46 38.31 4417 45.35 38.89 43.81
Na element load /wt.% 8.48 7.08 5.17 5.99 5.66 5.78 5.63
Mg element load /wt.% 1.07 1.35 1.59 1.31 1.33 1.52 1.17
Al element load /wt.% 10.90 10.48 12.12 10.77 9.15 10.76 8.96
Si element load /wt.% 17.42 17.14 21.07 17.75 16.18 18.98 17.17

K element load /wt.% 0.00 0.00 0.44 0.00 0.00 042 0.00
Ca element load /wt.% 0.83 0.62 1.01 0.54 0.41 0.95 0.39
Fe element load /wt.% 1.19 1.31 1.65 1.37 1.09 1.62 1.25
Zn element load /wt.% 0.00 7.24 8.94 9.07 9.58 9.78 10.06
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Figure 5. Breakthrough curves of blank 13X and modified 13X were compared at 20 °C: (a) blank
13X, (b) ZnCl,-13X, (c) ZnAcy-13X, (d) ZnSO4-13X and (e) Zn(NO3),-13X, respectively.

Apparently, only 13X loaded with Zn(NOj3), produced an optimal effect, with the
breakthrough time of the adsorbent being close to 420 min. As for the other three salts
loaded with 13X, they exerted a negative effect on adsorption. It can be concluded from
this set of experimental results that, among these four zinc salts, only Zn(INOs); is suitable
for loading.

3.1.3. Optimization of Impregnation Concentration

According to the results of EDS listed in Table 3, the content of zinc loaded on 13X
rises with an increase in the concentration of the impregnating solution. However, the
growth rate is low after the concentration of the impregnating solution exceeds 0.2 mol/L.

Furthermore, the results of scanning electron microscopy (SEM) were obtained, as
shown in Figure 6. When the concentration of the impregnating solution is less than or
equal to 0.15 mol/L, the surface loading of the molecular sieve is more uniform. However,
the surface of the molecular sieve stuck together at high loading concentrations, which is
evident when the concentration of the impregnating solution reaches 0.4 mol/L.

13X zeolite
particles

agglomerate

Figure 6. SEM images of the adsorbent with the impregnating solution concentration of (a) 0 mol/L,
(b) 0.05 mol/L, (c) 0.1 mol/L, (d) 0.15 mol/L, (e) 0.2 mol/L, (f) 0.3 mol/L and (g) 0.4 mol/L,
respectively.
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Table 4 shows the physical properties of the adsorbents with different modifications. It
can be seen from the table that there is a decrease in both the specific surface area and total
pore volume of 13X after zinc modification. This is because the act of impregnation loads
new substances on the surface of the molecular sieve, which reduces the specific surface
area and pore volume of the molecular sieve while reducing the pore size. The specific
surface area and total pore volume of the adsorbent show a gradual decline. Judging
from the SEM results, the degree of agglomeration on the surface of the molecular sieve
increases when the concentration of the impregnating solution exceeds 0.2 mol/L. For
this modification process of Zn(NO3), impregnated with 13X, the concentration of the
impregnating solution is a significant influencing factor. When the concentration of the
impregnating solution exceeds a certain level, the load accumulates on the surface of the
molecular sieve, thus reducing its porous properties.

Table 4. Specific surface area, total pore volume and average pore diameter of Zn(NOj3), modified
13X with different concentrations.

The Concentration of the

Impregnating Solution Specific Surface Total Pore Average Pore
’ g(molf*l) Area (m*/g) Volume (cm®/g) Size (nm)

0 388 0.243 12
0.05 384 0.237 12
0.1 347 0.238 11
0.15 315 0.214 11
0.2 288 0.202 11
0.3 280 0.202 11
0.4 265 0.207 12

Zn(NOg); in the concentration range of 0.05-0.4 mol/L was used to modify 13X by
means of impregnation, and dynamic adsorption experiments were conducted on the
modified adsorbent, the results of which are shown in Figure 7.
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Figure 7. Breakthrough curves of different Zn(NOj3), concentrations of impregnating solution are
compared at 20 °C: (a) blank, (b) 0.05 mol/L, (c) 0.1 mol/L, (d) 0.15 mol/L, (e) 0.2 mol/L, (f) 0.3 mol/L
and (g) 0.4 mol/L, respectively.

From the above experimental results, it can be concluded that the adsorbents modified
by 0.05-0.4 mol/L zinc nitrate impregnation achieved better adsorption performance than
the blank 13X. The breakthrough time of the adsorbents first increased and then decreased
with the increase of the impregnating solution concentration, reaching a maximum at
0.15 mol/L. At this time, the breakthrough time of the adsorbent reaches 480 min, which is
over two times higher than compared to the blank carrier. For the adsorbent impregnated
at 0.15 mol/L, the adsorption effect was more significant than that of the adsorbent impreg-
nated at 0.05 mol/L, but the other properties, such as the specific surface area, were inferior
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to the latter. This is accounted for by the results shown in Table 3 and Figure 6, where the
loading of zinc in the 0.15 mol/L impregnated adsorbent is higher. This concentration
falls below the threshold for agglomeration to occur on the surface of the molecular sieve.
Thus, it can be concluded that 0.15 mol/L is the optimal concentration of the impregnating
solution under the current experimental conditions.

3.1.4. Optimization of Activation Temperature

The simultaneous thermal analysis (TG-DSC) of the dried uncalcined adsorbent was
conducted after impregnation, as shown in Figure 8. It can be seen from the figure that the
rate of weight loss declines after the temperature rises to 180 °C. The weight loss of the
samples prior to this temperature largely results from the loss of water from crystallization
in the samples. The decomposition of the loadings continues when the temperature ranges
between 180 and 415 °C, at which point the zinc oxides are gradually produced. The DSC
curve shows that the sample is in a state of significant heat uptake until 415 °C, indicating
the occurrence of a decomposition reaction within the sample. The decreasing rate of heat
uptake indicates that the decomposition reaction is coming to an end at this temperature.
As the temperature continues to rise, the mass of the adsorbent continues to decrease, and
heat absorption continues, which is accompanied by a slow loss of mass. This results mainly
from the dehydration of the hydroxyl groups of the molecular sieve by condensation at
high temperatures.

- 0.0

1
DSC (w/g)

Weight (%)

1
i

- -0.6

100 200 300 400 500 600

Temperature (°C)

Figure 8. TG-DSC curve of Zn(NOj3),-13X: (a) TG curve, (b) DTG curve and (c) DSC curve.

Figure 9 shows the results of adsorption breakthrough experiments conducted at an
activation temperature ranging from 350 to 550 °C. The concentration of Zn(NOj3), during
the process of adsorbent modification is 0.15 mol/L in all cases.
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Figure 9. Comparison of breakthrough curves of Zn(NOj3),-13X at 20 °C for different activation
temperatures: (a) 350 °C, (b) 400 °C, (c) 450 °C, (d) 500 °C and (e) 550 °C, respectively.
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As observed, the breakthrough time increases and then decreases with the activation
temperature, reaching a peak at 450 °C. The breakthrough time under this experimental
condition approaches 480 min. It can also be ascertained that the adsorption performance
of all five of the modified adsorbents significantly improves over the blank 13X molecular
sieve. Notably, the experimental results shown in Figure 9 suggest that even the sample
calcined at 350 °C can achieve an optimized adsorption effect compared with the blank
13X. That is to say, zinc oxides were formed on the molecular sieve even at an activation
temperature of 350 °C, except that the loaded zinc compounds were not decomposed
completely to form zinc oxides. In these samples, the zinc compounds in the adsorbents
with an activation temperature of no less than 415 °C have basically been decomposed into
zinc oxides. In addition, the results in Figure 8 show that the heat absorption rate occurs at
low temperature levels ranging from 415 to 450 °C. Judging from the experimental results
in Figure 9, 450 °C is the ideal activation temperature. Based on the above analysis, it can
be determined that the adsorbent modification conditions are optimum, with 0.15 mol/L
solution of Zn(NO3); used to impregnate 13X at an activation temperature of 450 °C. The
adsorbent is denoted as Zn-13X.

3.2. Stability Evaluation of Adsorbents

In order to further explore the adsorption mechanism of the adsorbent and to evaluate
the stability of the adsorbent, regeneration experiments and Fourier-transform infrared
spectroscopy of the adsorbent were carried out under the optimal conditions described
above. The regeneration of the adsorbent was carried out by purging at 450 °C in the
presence of pure N for 2 h. The results of these regeneration experiments are shown in
Figure 10.
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Figure 10. Breakthrough curves of Zn-13X at 20 °C, where (a) fresh adsorbent, (b) once regeneration
adsorbent and (c) twice regeneration adsorbent, respectively.

According to the experimental results shown in Figure 10, the breakthrough time of
the primary recycled adsorbent is 330 min, while that of the secondary recycled adsorbent
is less than 210 min. It is indicated that the stability of the adsorbent is less than satisfactory,
which might be caused by the irreversible adsorption of part of CO; on the Zn-13X. This
resulted in a gradual reduction in the number of active sites.

Figure 11 shows the Fourier transform infrared spectroscopy (FTIR) of blank 13X,
fresh Zn-13X, used Zn-13X, regenerated Zn-13X and used Zn-13X after regeneration. The
blank 13X and fresh Zn-13X samples show quite similar spectra. Specifically, the adsorp-
tion peaks at 720-650 cm ! and 950-1250 cm ! are classified into symmetric stretch and
asymmetric stretch, respectively. In the FTIR spectra of the samples, the adsorption events
at 3420-3300 cm ! and 1640 cm ™! are attributed to the O-H vibration caused by incomplete
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dehydration of the molecular sieve samples [31,32]. However, the FTIR spectra show clearly
that the peak of O-H vibration is gradually weakened to disappear after the activation and
regeneration of the adsorbent, indicating that the molecular sieve is inevitably dehydrated
by hydroxyl condensation at 450 °C. This is consistent with the previous simultaneous
thermal analysis. The weakening of physical adsorption due to dehydroxylation is the first
reason for the deteriorating regeneration performance of the adsorbent.
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Figure 11. The infrared spectra of different adsorbents were as follows: (a) blank 13X, (b) fresh
Zn-13X, (c) used Zn-13X, (d) regenerated Zn-13X and (e) used Zn-13X after regeneration.

The FTIR results obtained at 1600-1200 cm ™! indicate that the presence of CO, over
Zn-13X adsorption leads to the formation of bicarbonate and carbonate species [33]. The
peaks are 1456, 1419, 1390, 1365 and 1294 cm~ 1, respectively. This is attributed not only to
the v vibration modes of bidentate and monodentate bicarbonate (1419 and 1390 cm ™1, re-
spectively), but also to the v vibration modes of bidentate and bridged carbonate (1365 and
1294 cm !, respectively). Differently, the extra peak at 1456 cm ™! is ascribed to the polyden-
tate carbonate. Notably, there are several carbonate signals of regenerated Zn-13X that have
different trends compared with the FTIR spectra after adsorption. The signal strength of
polydentate carbonate and bridged carbonate increases and remains unchanged after regen-
eration. By contrast, the signals of carbonate and bicarbonate in other forms are weakened
to different degrees after regeneration. That is to say, bidentate, monodentate bicarbonate,
and bidentate carbonate can be decomposed to different degrees after regeneration. The
signal of all carbonate species is enhanced after adsorption by the regenerated adsorbent,
and that of polydentate carbonate is evident.

Through the above analysis, it can be concluded that carbonates are not completely
decomposed after regeneration, thus resulting in a gradual decrease in the number of
reactive oxygen species sites capable of absorbing CO, after regeneration. Additionally,
this phenomenon becomes more obvious with the extension of regeneration times. The
gradual weakening of chemical adsorption caused by this phenomenon is another reason
for the poor regeneration performance of the adsorbent.

3.3. Mechanism of Adsorption

CO; reacts with ZnO in a wide variety of products. Based on Tang’s density flooding
theory plus the U (DFT + U) method under periodic boundary conditions, the intensity
of CO, adsorption on the surface of different ZnO varies. The stability of the carbonates
formed is in decreasing order as follows: polydentate, bridged, bidentate and monodentate
carbonate [34], which is similar to the present study of experimental adsorbent regenera-
tion. Additionally, a significant amount of desorption occurs only for the monodentate and
bidentate carbonate species after regeneration in this experiment. Figure 12 shows the ad-
sorption and desorption processes as observed in this experiment. There are five carbonate
species produced on the adsorbent after CO, adsorption, as the 13X has a hydroxyl-rich
surface, which facilitates the production of bicarbonate. However, some carbonate species
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are irreversibly adsorbed onto the adsorbent due to limitations in their differential sta-
bility. According to Du et al., only polydentate carbonate could not be decomposed at
high temperatures by the adsorption of CO, on K-promoted hydrotalcite-like compound
(HTIc), which is slightly inconsistent with the results of this experiment. This difference
is attributed to the insufficient regeneration time in this experiment and the high stability
of the bridging carbonate. However, extending the regeneration would lead to severe
dehydration in 13X. Furthermore, according to some studies, the increase in polydentate
carbonate content during desorption in this experiment could result from the gradual
conversion of other carbonate species into polydentate carbonate at high temperatures [35].
This is coherent with the common sense that matters tend to be transformed into more
stable products.
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Figure 12. Schematic diagram of CO; adsorption and desorption.

4. Conclusions

The optimum carrier 13X and the optimum loading Zn(NOj3), were determined by
measuring alkalinity and performing BET and EDS characterization, respectively. The
optimum concentration of impregnating solution and activation temperature required for
preparing Zn(NOs3),-13X were determined by means of SEM and TG-DSC characterization,
respectively. After modification, the specific surface area, pore size and pore volume of 13X
were reduced. To avoid agglomeration on the surface of 13X, Zn(NOs3), should be kept at a
low concentration during impregnation. It is inevitable that the complete decomposition of
Zn(NO3), on 13X leads to the hydroxyl condensation and dehydration of 13X.

The CO, adsorption capacity of each sample in the CO,/BF; gas mixture was de-
termined by conducting dynamic adsorption breakthrough experiments. The chemical
adsorption of CO, was confirmed through regeneration experiments and FTIR characteriza-
tion of the samples before and after regeneration. It was also revealed in the study that the
adsorption behavior of CO, on the Zn-13X surface gave rise to five carbonate species, of
which bicarbonate may be formed by the incorporation of CO, molecules into the hydroxyl
groups on the adsorbent surface. During the adsorption process after regeneration, some
less basic sites (i.e., surface carbonates) were irreversibly converted into highly basic sites
(i.e., active sites), which is due to the high stability of bridged and polydentate carbonate and
the conversion of monodentate and bidentate carbonate species into polydentate carbonate
during regeneration. In addition, the continuous dehydration of 13X during the regeneration
process caused a deterioration in the adsorption property of the sample after regeneration.



Processes 2023, 11, 1075 13 of 14

In this study, BF3 was diluted to a lower concentration using N to reduce the risk of
the experiment. This practice may lead to deviations between the effects of the adsorbent
in industrial applications and the results of this study. Therefore, the concentration of BF3
in raw gas can be increased as much as possible in order to be close to the actual industrial
production. In addition, the poor thermal stability of 13X in the adsorbent stability evalua-
tion in this study is inconsistent with the high thermal stability of polydentate and bridged
carbonates, meaning that high regeneration temperatures disrupt the structure of 13X and
low regeneration temperatures prevent partial carbonate decomposition. Therefore, it is
possible to find a balance between the two, seek the optimum temperature for regeneration,
or select a carrier with better thermal stability.
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