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ABSTRACT: Covalent organic frameworks (COFs) are crystalline,
porous organic materials that are promising for applications including
catalysis, energy storage, electronics, gas storage, water treatment, and drug
delivery. Conventional solvothermal synthesis approaches require elevated
temperatures, inert environments, and long reaction times. Herein, we
show that transition-metal nitrates can catalyze the rapid synthesis of imine
COFs under ambient conditions. We first tested a series of transition
metals for the synthesis of a model COF and found that all transition-metal
nitrates tested produced crystalline COF products even in the presence of
oxygen. Fe(NO3)3·9H2O was found to produce the most crystalline
product, and crystalline COFs could be produced within 10 min by
optimizing the catalyst loading. Fe(NO3)3·9H2O was further tested as a catalyst for six different COF targets varying in linker
lengths, substituents, and stabilities, and it effectively catalyzed the synthesis of all imine COFs tested. This catalyst was also
successful in the synthesis of 2D imine COFs with different geometries, 3D COFs, and azine-linked COFs. This work demonstrates
a simple, low-cost approach for the synthesis of imine COFs and will significantly lower the barrier for the development of imine
COFs for applications.

■ INTRODUCTION

Covalent organic frameworks (COFs) are crystalline and
porous organic networks that are promising for applications
including catalysis, energy storage, electronics, gas storage,
water treatment, membrane separations, and drug delivery.1−5

Imine COFs are of particular interest for applications because
they exhibit excellent stability in water and various organic
solvents.5 However, imine COFs are typically synthesized in
batch, high-temperature (120 °C) solvothermal or hydro-
thermal reactions that require 3 days or longer to achieve
significant yields and good crystallinity.3,5−7 Hence, simpler,
lower-cost, and more rapid approaches to the synthesis of
imine COFs are needed.
A number of studies have explored alternative, faster, and

less energy-intensive approaches to the synthesis of imine
COFs. Marder and co-workers developed an approach to
produce imine COFs under solvothermal conditions within 4 h
of using mild activation procedures to avoid pore collapse.8

Wang and co-workers developed a general method to
synthesize imine COFs in 160 s under electron beam
irradiation.9 Exposure to light,10 reaction in a microwave,11,12

and sonication13 can also promote reversible reactions and
tremendously decrease the required reaction time. In all of
these examples, acetic acid was employed as the catalyst for
imine COF synthesis.

Developing new catalysts for COF synthesis can further
reduce the cost and time required to synthesize COFs, but very
few catalysts for imine COF synthesis have been studied. A
number of studies have utilized p-toluenesulfonic acid (PTSA)
as a catalyst for COF synthesis,14−16 with the advantage that it
can be used to catalyze solid-state reactions. However, large
amounts of PTSA are required, which may make it difficult or
expensive to recycle the catalyst, and solid-state reactions come
with additional challenges in terms of blending and processing
the starting materials and final products. Metal triflates can
catalyze the rapid synthesis of imine COFs,17,18 but the best
metal triflate catalyst for COFs relies on the expensive, rare-
earth element scandium.19,20

Herein, we report that transition-metal nitrates catalyze the
rapid synthesis of imine COFs at ambient temperatures with
excellent yields. Transition-metal nitrates have been previously
employed as catalysts for the synthesis of Schiff bases.
Mobinikhaledi et al. used copper nitrate to synthesize Schiff
bases rapidly and efficiently under ambient conditions.21 In
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another report, Mobinikhaledi et al. utilized a series of metal
nitrates ranging from 5 to 20 mol % in the synthesis of Schiff
bases containing the benzimidazole moiety at room temper-
ature.22 Through the optimization of different reaction
conditions, they found that 5 mol % of Ni(NO3)2·6H2O in
methanol successfully generated Schiff bases with high yields
and within just 20−30 min. Motivated by these findings, we
explored the application of transition-metal nitrates in the
synthesis of imine COFs. We tested six different transition-
metal nitrates for use as catalysts in the synthesis of imine
COFs under systematically varying reaction conditions and
characterized the products through a combination of Fourier
transform infrared (FT-IR) spectroscopy, powder X-ray
diffractions (PXRD), nitrogen sorption analysis, and 1H−13C
cross-polarization/magic-angle spinning (CPMAS) NMR. We
found that catalytic amounts of transitional metal nitrates, in
particular Fe(NO3)3·9H2O, effectively catalyzed Schiff base
reactions and produced highly crystalline COFs at room
temperature and for reaction times as short as 10 min.
Furthermore, the reaction was not sensitive to oxygen.
Transition-metal nitrates are low-cost, abundant catalysts,
and this work demonstrates a simple and rapid approach to
imine COFs. We expect that this will significantly lower the
barriers for the synthesis and further development of COFs for
various applications.

■ RESULTS AND DISCUSSION
We evaluated six different transition-metal nitrates for the
synthesis of imine COFs: Fe(NO3)3·9H2O, Ni(NO3)2·6H2O,
Zn(NO3)2·6H2O, Mn(NO3)2·6H2O, Cu(NO3)2·6H2O, and
Co(NO3)2·6H2O. For simplicity, these catalysts will be
referred to as M−NO, where M is the transition-metal (e.g.,
Fe(NO3)3·9H2O will be referred to as Fe−NO). We initially
evaluated these transition-metal catalysts for the synthesis of
TAPB−OMePDA COF through the Schiff base polyconden-
sation between 1,3,5-tris(4-aminophenyl)benzene (TAPB) and
2,5-dimethoxyterephthalaldehyde (OMePDA), as shown in
Figure 1. We used this COF as a model system because it
exhibits excellent crystallinity and porosity under a variety of
synthesis and activation conditions, as demonstrated by Zhu et
al.23 and others.8,24 To test each transition-metal catalyst, we
dissolved a stoichiometric ratio of TAPB and OMePDA in 1,2-
dichlorobenzene (DCB) and 1-butanol (1:1, v/v) and added 5
mol % catalyst relative to NH2 functional groups. The reaction
mixture was sonicated to ensure the full dissolution of the
catalyst and then reacted at ambient temperatures, without any
purging or heating of the reaction mixture. Upon sonication,
insoluble powders were rapidly formed, and the mixture
immediately turned cloudy and reddish. The reaction was
allowed to proceed for 2 h before recovering the powders by
filtration and washing with solvent and supercritical CO2
(ScCO2) prior to analysis.
FT-IR spectroscopy, 1H−13C CPMAS NMR spectroscopy,

PXRD, and nitrogen sorption measurements revealed that the
Schiff base reaction was successful and produced a crystalline
and highly porous product. FT-IR (Figures S1 and S2) spectra
revealed the formation of imine linkages with the appearance
of a vibration peak at 1619 cm−1 and attenuation of the peak at
1685 cm−1, corresponding to imine (C=N stretching) and
aldehyde (C=O stretching) functional groups, respectively.25,26
1H−13C CPMAS NMR spectra provided strong evidence of
extensive condensation of amino and aldehyde functional
groups. Spectra obtained with a wide range of contact times

(Supporting Information) exhibited prominent, rapidly cross-
polarizing signals at 155.8 and 150.4 ppm attributed to imino
carbons in different environments but only extremely weak (or
undetectable) aldehyde carbonyl signals from unreacted
aldehyde groups on the edges of the COFs. PXRD (Figure
2) measurements showed that all solids possessed crystalline
structures consistent with previous reports23,24 and in agree-
ment with simulated structures with AA stacking (Figure S3).
The samples produced using the Fe−NO catalyst had the most
prominent crystalline peaks, with a peak at 2θ = 2.7°, several
orders of magnitude higher in intensity compared with other
products. The product from the Fe−NO-catalyzed reaction
also had the smallest full width at half-maximum values (Table
S2). Nitrogen sorption isotherms of these samples and the
corresponding Brunauer−Emmett−Teller (BET) surface areas
(Figures S4 and S5) demonstrated that the products were
highly porous and the Fe−NO produced samples with the
highest porosities among all M−NO catalysts tested. The
samples synthesized using Fe−NO and Ni−NO had surface
areas of 1345 and 1214 m2 g−1, respectively, which were higher
than those synthesized using other metal nitrates. All samples
had BET surface areas larger than 650 m2 g−1, indicating that

Figure 1. Rapid synthesis of TAPB−OMePDA COF catalyzed by
transition-metal nitrates.
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all transition-metal nitrate catalysts successfully produced
highly porous COFs. The pore size distributions of these
samples were calculated using nonlocal density function theory
(NLDFT) and are shown in Figure S4b. The samples catalyzed
by Fe−NO had the narrowest pore size distribution centered
around 2.7 nm, which matches that for prior reports of highly
crystalline TAPB−OMePDA COF.27 The samples synthesized
using Ni−NO and Mn−NO catalysts also had relatively
narrow pore size distributions, while the samples prepared
using Zn−NO, Cu−NO, and Co−NO exhibited broader pore
size distributions.
We also studied the effect of reaction time for different

catalysts by analyzing the samples produced after 2 h and 3
days of total reaction time. The samples produced by Fe−NO
and Ni−NO exhibited similar surface areas and crystallinities
after 2 h and 3 days of reaction time, indicating that 2 h of
reaction under ambient conditions was sufficient to produce
highly crystalline products. After 3 days, crystallinity increased
slightly, and Fe−NO and Ni−NO produced more crystalline
samples compared to other metal nitrate catalysts, as evidenced
by more prominent PXRD peaks (Figure S6), narrower pore
size distributions (Figures S7 and S8), and higher surface areas
(Figure S9 and S10). These results demonstrate that
transition-metal nitrates, especially Fe−NO, are excellent
catalysts for imine COF synthesis.
We next focused on the Fe−NO catalyst and optimized the

catalyst loading. We chose six different catalyst loadings
ranging from 1 to 10 mol % relative to NH2 groups, which
corresponded to less than 3.5 mol % relative to TAPB
monomers. All other reaction conditions were kept the same,
and the reactions were conducted at ambient temperatures and
for 2 h reaction times. The samples produced with 10, 7, and 5
mol % Fe−NO showed the highest crystallinities and specific
surface areas, as evidenced by PXRD and nitrogen sorption
measurements, respectively (see Figures 3a,b and S11, and
S12). These samples had surface areas of 1674, 1326, and 1345
m2 g−1, respectively. They also exhibited narrower pore size
distributions than other samples (Figure S13). To test whether
residual iron remained in the final COF samples, we conducted
high-resolution X-ray photoelectron spectroscopy (XPS,
Figures S14 and S15) analysis for the sample synthesized
using 10 mol % Fe−NO. We detected only a weak Fe 2p3/2
signal in the high-resolution spectra, corresponding to
approximately 0.02 atom % or 0.1 wt % of the total including
C 1s, N 1s, and O 1s signals. Additionally, no Fe−N
coordination peak was observed in the N 1s spectrum,

indicating that the imine bond did not coordinate with
iron.28−30 No metallic iron (Fe0) peak31 was found in the iron
element spectra, indicating that Fe3+ was not reduced into
metallic iron nanoparticles by 1-butanol during the reaction
process. Additionally, inductively coupled plasma−optical
emission spectrometry (ICP-OES) indicated that the iron
content was 0.13 wt %, similar to the value measured via XPS.
Next, we explored the effect of reaction time by varying the

total reaction time from 10 min to 2 h using 10 mol % Fe−NO
as the catalyst and keeping all other reaction conditions
unchanged. The crystallinity and porosity increased with time,
as evidenced by PXRD (Figure 3c) and nitrogen sorption
analysis (Figures 3d and S16−S18). However, after 10 min of
reaction time, all samples had very high surface areas of 1233
m2 g−1 or greater, ranging from 1233 m2 g−1 for 10 min
reaction time to 1674 m2 g−1 for 120 min (Figure S16). These
results indicate that the highly crystalline COF formed within
10 min of reaction time. The surface area values were
comparable to other studies reporting the synthesis of the
TAPB−OMePDA COF using acetic acid catalyst at 120 °C for
3 days32−34 and only slightly lower than that reported by
Marder and co-workers using solvothermal conditions along
with nitrogen flow activation.8 All samples showed narrow pore
size distributions (Figure S18), further demonstrating that 10
mol % Fe−NO successfully catalyzed the synthesis of the
highly crystalline TAPB−OMePDA COF with regular
porosity.
To test the broader effectiveness of transition-metal nitrates

as catalysts for imine COF synthesis, we used the Fe−NO
catalyst and targeted a series of COFs varying in structure and

Figure 2. Experimental and simulated PXRD spectra for TAPB−
OMePDA COFs synthesized with different transition-metal nitrates.
The inset shows the illustration of the eclipsed structure.

Figure 3. (a) PXRD patterns and (b) nitrogen sorption isotherms for
TAPB−OMePDA COFs synthesized using different amounts of Fe−
NO for 2 h; the isotherms are vertically offset by 200 (1 mol %), 400
(2 mol %), 600 (7 mol %), 800 (5 mol %), and 1000 (10 mol %) cm3

g−1. (c) PXRD patterns and (d) nitrogen sorption isotherms for
TAPB−OMePDA COFs synthesized using 10 mol % Fe−NO for
different times ranging from 10 min to 2 h. The isotherms are
vertically offset by 200 (20 min), 400 (30 min), 600 (60 min), 800
(90 min), and 1000 (120 min) cm3 g−1.
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stability (Figure 4). All the COFs selected as targets have been
previously synthesized using acetic acid as a catalyst,23,34−38

with the exception of TAPB−4,4′-biphenyldicarboxaldehyde
(BPDA) COF, which has only been previously synthesized
using scandium(III) triflate (Sc(OTf)3) catalyst.

17 We altered
the linker length (i.e., BPDA) and the substituents of aldehyde
monomers (i.e., 2,5-divinylterephthalaldehyde (vinyl-PDA),
2,5-bis(octyloxy)terephthalaldehyde (C8PDA)) to test the
functional group tolerance of the Fe−NO catalyst. We also
targeted COFs of different structural stabilities. Prior work has
shown that some COFs are more robust under different
activation processes and maintain excellent crystallinity and
surface area, while other COFs are fragile and lose crystallinity
when activated using polar solvents.8,23,24 We selected both
fragile (TAPB−terephthalaldehyde (PDA), TAPB−BPDA,
2,4,6-tris(4-aminophenyl)-1,3,5-triazine (TAPT)−PDA) and
robust COFs (COF−V, TAPB−C8PDA, TAPT−OMePDA)
for synthesis using the Fe−NO catalyst. All reactions were

conducted using 10 mol % Fe−NO for 2 h, and the samples
were thoroughly washed and dried using ScCO2 prior to
analysis. FT-IR spectra of the final solid products (Figures
S19−S24) confirmed the successful imine polycondensation
for all samples tested and were consistent with previous
reports.17,23,34,35,39−41 All samples exhibited excellent crystal-
linity, as evidenced by prominent peaks in the PXRD spectra
(Figure 4a−f), which were consistent with both previous
studies and simulated eclipsed, layered structures (Figures 4a−
f and S25−S30). We further calculated their pore size
distributions from nitrogen sorption tests using the NLDFT
method and found that all samples possessed narrow pore size
distributions (Figure S31). The BET surface areas for TAPB−
PDA COF, TAPB−BPDA COF, COF−V, TAPB−C8PDA
COF, TAPT−PDA COF, and TAPT−OMePDA COF were
1397, 981, 1392, 1202, 937, and 2068 m2 g−1, respectively
(Figure 4i, S32). Notably, Fe−NO was successful in catalyzing
the synthesis of highly crystalline TAPB−BPDA COFs, which

Figure 4. PXRD patterns for (a) TAPB−PDA COF produced by the reaction between TAPB and PDA, (b) TAPB−BPDA COF produced by the
reaction between TAPB and BPDA, (c) COF−V produced by the reaction between TAPB and vinyl-PDA, (d) TAPB−C8PDA COF produced by
the reaction between TAPB and C8PDA, (e) TAPT−PDA COF produced by the reaction between 2,4,6-tris(4-aminophenyl)-1,3,5-triazine
(TAPT) and PDA, (f) TAPT−OMePDA COF produced by the reaction between TAPT and OMePDA, (g, h) nitrogen sorption isotherms, and
(i) BET surface areas.
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has not previously been synthesized using acetic acid catalyst.
We also could not produce crystalline TAPT−PDA COFs
using solvothermal methods with acetic acid catalyst and
various solution conditions (see the Supporting Information).
This is consistent with two previous reports that reported
TAPT−PDA COFs with limited crystallinity and low
porosity.39,40 However, highly crystalline powders could be
synthesized within 2 h utilizing the Fe−NO catalyst. To
compare the quality of COFs that we synthesized with those
from other reports, we compared the BET surface areas
produced using Fe−NO with the highest values from prior
reports, as shown in Table S3. COF−V, TAPB−C8PDA COF,
TAPT−PDA COF, and TAPT−OMePDA COF synthesized
using our approach showed higher BET surface areas than the
highest records from previous reports.34−38 These experiments
demonstrated the general effectiveness of the Fe−NO catalyst
for imine COF synthesis, and it is likely that COFs with even
higher quality can be produced with additional optimization.
We further tested the use of transition-metal nitrates in the

synthesis of 2D imine COFs with different geometries, 3D
imine COFs, and different COF chemistries. In particular, we
targeted the synthesis of 2D imine COFs with 3 + 3 (Scheme
S7) and 4 + 2 (Scheme S8) node-linker functionalities, 3D
imine COFs (Table S4 and S5), azine-linked COFs (Scheme
S9), β-ketoenamine COFs (Table S7), and hydrazone COFs
(Table S8). Fe−NO (10 mol %, 2 h) successfully catalyzed the
synthesis of a highly crystalline 3 + 3 2D imine COF through
the condensation of TAPT and 1,3,5-tris(4-formylphenyl)-
benzene (TFPB) (Figures S33 and S34). The resulting COF
was highly crystalline with a high BET surface area (838 m2

g−1; Figure S33). Due to the poor solubility of 1,3,6,8-
tetrakis(4-aminophenyl)pyrene (Py), we were unable to
produce the crystalline Py−1P imine COF using Py and
PDA through a 4 + 2 construction strategy at room
temperature. In the synthesis of 3D imine COFs, we found
that Cu−NO effectively catalyzed the synthesis of COF-320
and COF-300 (Tables S4 and S5 and Figures S35−S38). Both
crystalline COF-320 and COF-300 were produced within 4 h
using 10 mol % Cu−NO at room temperature. Partially
crystalline COF-320 and COF-300 could also be produced
using Ni−NO and Zn−NO catalysts. Additionally, 10 mol%
Cu−NO also rapidly catalyzed the synthesis of azine-linked
COF (ACOF-1, Scheme S9, Figures S39 and S40) at room
temperature. However, no crystallinity of 3D COFs and azine-
linked ACOF-1 were observed for samples synthesized using 6
M acetic acid and Sc(OTf)3 under the same conditions. We
also explored the synthesis of β-ketoenamine and hydrazone
COFs (see details in the Supporting Information, Tables S7
and S8, and Figure S41). Possibly because of the poor
solubility of 2,4,6-triformylphloroglucinol (TFP), we could
only produce β-ketoenamine COFs with limited crystallinity
using various transition-metal nitrates and 6 h reaction time at
room temperature. An improvement in crystallinity was
observed for 6 h reaction time at 120 °C (see Table S7).
Crystalline hydrazone COFs could not be synthesized within 2
h at room temperature using metal nitrates or solvothermal
conditions with acetic acid or Sc(OTf)3 (see Table S8 and
details in Supporting Information). This may be due to the low
reactivity and poor solubility of a hydrazide monomer at room
temperature. In general, the number and variety of hydrazone
COFs reported are much more limited than imine COFs.
A detailed study of the catalytic mechanism of the Schiff

base reaction by transition-metal nitrates is outside the scope

of this work, but it is likely related to the Brønsted acid nature
of the transition metals in water or alcohol.42,43 Hydrated
metal ions can form complex ions with water or 1-butanol,
resulting in solution acidity and increasing the rate of the Schiff
base reaction. Future work will focus on understanding how
different metal ions influence the Schiff base reaction.
Our results demonstrate that transition-metal nitrates are

effective catalysts for the synthesis of imine COFs. Unlike the
conventional solvothermal methods and a recent report using
electron irradiation to rapidly synthesize COFs,9 reactions
catalyzed by metal nitrates were effective at ambient temper-
atures and without the need for purging the reaction to
eliminate oxygen. Compared to Sc(OTf)3 catalyst,17,18 metal
nitrates are of low cost and abundant. Additionally, the
excellent solubility of metal nitrates in various alcohols and
acetonitrile make them promising for the interfacial synthesis
of COF films. We are actively pursuing the use of transition-
metal nitrates to synthesize imine COF films and membranes.

■ CONCLUSION
In conclusion, we demonstrated that transition-metal nitrates,
particularly Fe(NO3)3·9H2O, are excellent catalysts for imine
COF synthesis. We were able to synthesize TAPB−OMePDA
COFs with high crystallinity and surface areas within 10 min,
and we produced a series of crystalline imine COFs rapidly at
ambient temperatures. We expect that this will significantly
lower the barriers for the synthesis and further development of
COFs for various applications.

■ EXPERIMENTAL SECTION
Chemicals. All chemicals were purchased from commercial

sources and used without further purification. TAPB was purchased
from TCI America. PDA, OMePDA, benzene-1,4-diamine, hydrazine
monohydrate (NH2NH2·H2O), Sc(OTf)3, anhydrous 1-butanol, 1,4-
DCB, dioxane, and mesitylene were purchased from Sigma-Aldrich.
BPDA and TAPT were purchased from AmBeed. C8PDA, vinyl-PDA,
benzene-1,3,5-tricarbaldehyde, TFPB, Py, tetrakis(4-aminophenyl)-
methane, TFP, and 2,5-diethoxyterephthalohydrazide were purchased
from the Jilin Chinese Academy of SciencesYanshen Technology
Co., Ltd. All other solvents used in this work were purchased from
Fisher Scientific.

Instrumentations and Characterizations. PXRD data were
collected on a Rigaku SmartLab XRD with 2θ ranging from 1° to 30°
with 0.02° increment in a continuous mode. Powder samples without
prior grinding were directly placed on zero background sample
holders and leveled flat using a glass microscope slide. FT-IR spectra
were measured using a Thermo Nicolet iS10 FT-IR spectrometer with
a diamond ATR attachment and were uncorrected. The testing range
was set from 4000 to 500 cm−1. Nitrogen sorption measurements
were conducted on an Autosorb-iQ-MP/Kr BET Surface Analyzer
(Quantachrome Instruments). The samples were dried using ScCO2
and further degassed to remove residual CO2 at 80 °C under vacuum.
All samples were tested directly without grinding. BET surface areas
were calculated using BET adsorption models included in the
instrument software (ASiQwin Version 5.2). XPS spectra were
collected using a PHI Quantera SXM scanning X-ray microprobe with
a base pressure of 5 × 10−9 Torr. Survey spectra were collected using
0.5 eV step sizes with a pass energy of 140 eV. Elemental spectra were
recorded using 0.1 eV step sizes with a pass energy of 26 eV. ICP-OES
was conducted using an Agilent 725 ICP-OES. The as-synthesized
COF powders were fully digested using metal-free concentrated nitric
acid at 80 °C and then diluted for testing. The percentage of residual
iron in the COF matrix was 0.13 wt %. 1H−13C CPMAS spectra were
obtained on a Bruker 4.7 T NMR spectrometer previously described
in detail44 and with the data acquisition and processing parameters
previously described44 except for the number of scans (5200) and the
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amount of line broadening used in processing the FID (50 Hz). There
was enough TAPB−OMePDA COF to fill only about two-thirds of a
standard 4 mm rotor. Just enough space remained to add a silicon
nitride upper plug to confine the material closer to the center of the
rotor. With the sample spinning at 7.6 kHz, 15 spectra with contact
times tcp ranging from 0.1 to 5.5 ms were obtained for each sample to
study the relative rates of cross-polarization for the different carbon
environments, with a 5 min waiting period preceding each experiment
to ensure complete relaxation. In addition, at the contact time that
appeared optimal for maximizing the intensity of the quaternary
carbon signals (3.0 ms), dipolar dephasing experiments were
performed with 50 and 80 μs dephasing intervals to provide
additional evidence for differentiating proton-bearing from quaternary
carbons.
ScCO2 Drying. ScCO2 drying was conducted on a Leica EM

CPD300 Automated Critical Point Dryer. All products were separated
and washed thoroughly using THF/water, acetone, and pure ethanol.
Washing with a large excess of water is important to remove any of
the water-soluble metal nitrate catalysts. Wetted COF powders were
loaded in tea bags (ETS Drawstring Tea Filters, sold by English Tea
Store, Amazon.com), immersed in pure ethanol, and then placed in
the dryer chambers with the addition of an appropriate amount of
pure ethanol. The program was totally automated. The chamber was
first cooled down to 14 °C, and then ScCO2 slowly flow into the
chamber and exchanged for 14 cycles to replace the last-cycle
solvents. Later, the chamber was warmed to 35 °C at a medium rate,
and finally, the CO2 gas was released in a fast speed.
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