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Abstract: A novel method to generate an aluminum-based MOF material named as MIL-121 was
investigated. MIL-121, [AI(OH)(H,BTEC)-(HyO)]n is a prototypal aluminum MOF with 1,2,4,5-
benzenetetracarboxylic acid (BTEC) linkers, which was normally produced by the hydrothermal
method. Different from the hydrothermal method, the developed novel method does not involve
high temperature and high pressure, instead the MOF material was produced by the traditional
cooling crystallization method at ambient pressure and low temperature below 100 °C. The MIL-
121 obtained by the novel method possesses the same lithium adsorption performance as that
obtained by hydrothermal method, but with lower energy consumption and more environmentally
friendly. Compared with hydrothermal method, this method has more advantage to be scaled up
to industrialized production. The formation mechanism of MIL-121 in the novel method including
nucleation and growth process of MOF crystal was studied. The results indicated that the size and
morphology of MIL-121 crystals were influenced by the temperature and additives, respectively.
As the reaction temperature increased to 100 °C, the operation time can be shortened to 2-5 h.
The crystal habit that was predicted by Material studio software using BFDH, which is a model for
crystal habit prediction proposed by Bravais, Friedel, Donnay, and Harker based on the crystal lattice
parameters and crystal symmetry in the Morphology module, the simulated morphology of MIL-121
was in accord with that of the products obtained by cooling crystallization. The thermal stability of
MIL-121 obtained by cooling crystallization is better than that obtained by the hydrothermal method.

Keywords: ambient pressure; adsorption; cooling crystallization; particle size; thermal stability;
industrialization

1. Introduction

About 59% of the global lithium resources exist in salt lake brines [1]. The salt lake
brines are rich in water resources and the lithium extraction process is simple and low in
cost [1]. The selection factors of the method of extracting lithium from salt lake brine mainly
include the concentration of brine lithium and the content of the main components (such as
Na*, K*, CaZ*, Mg2+, Cl—, 5042, CO327, etc.), brine salinity, and process route technology
possibility, economic feasibility, and local characteristics of the salt lake. The currently de-
veloped methods for extracting lithium from salt lake brine include adsorption method [2],
membrane separation method [3], precipitation method [1,4], electrochemical method [5-8],
reaction-coupling separation technology [9,10], solvent extraction method [11,12], and so
on. Among the many methods mentioned above, the adsorption method has great ad-
vantages in terms of economy and environmental protection for extracting lithium from
brine with a high magnesium-to-lithium ratio and low lithium concentration. Its process is
relatively simple, with low energy consumption, high recovery rate, and good selectivity,
which is an optimal process scheme [2,13].

Commonly used adsorbents mainly include aluminum salt adsorbents, lithium-ion sieves,
and nanofiltration membranes [14,15]. Kotsupalo [14] et al. studied LiCl-2Al(OH)3-mH,O
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adsorbent for extracting lithium from brine with a high Mg/Li ratio, with an adsorption
capacity of about 7-8 mg/g. Even if the brine contains a high concentration of MgCl,,
the adsorbent has a good selectivity to lithium. Increasing the concentration of MgCl,
from 0~500 g gradually increases the lithium adsorption capacity by nearly four times.
Tian et al. [13] prepared LiMg 5sMnj 504 by a chemical method, and the lithium extrac-
tion performance was greater than 95% after five recycles. Chitrakar [16] found that by
increasing the Mg/Mn ratio to increase the chemical stability of the ion sieve to improve
the adsorption capacity of Li*, the manganese loss rate was less than 0.25 wt%. In addition,
magnesium doping accelerates the adsorption equilibrium and improves the lithium re-
covery efficiency. Bi et al. [17] studied the application of 3B02S nanofiltration membrane
for lithium extraction from brine, and the results showed that the membrane has a good
exclusion of Mg?* and achieved the recovery of lithium from brine with a high Mg /Li ratio.

The modified PDMVBA-MIL-121 was used as a renewable metal salt ion adsorbent [18]
and A-MIL-121 was used in the renewable adsorption of heavy metal ions [19]. However,
the only method for the synthesis of MIL-121 that has been reported is the hydrothermal
method. The hydrothermal method requires reaction at high temperature above 180 °C
for about 24-48 h [18]. As the widespread application of MIL-121, it is urgent to develop a
green and stable efficient production process.

It is evident that metal-organic framework nanoparticles (nano MOFs) have superior
performance compared to their bodies. However, little knowledge is known about the
relationship between hydrothermal synthesis conditions and MOF particle size. The in-
fluence of temperature and [2-MeIM]/ [Zn2*] ratio on the synthesized ZIF-8 nanoparticles
was systematically investigated by Yamamoto et al. [20]. It is concluded that lower tem-
perature and higher [2-MeIM]/ [Zn?*] ratio are crucial conditions for the preparation of
small-sized ZIF-8 nanoparticles. Lowering the hydrothermal reaction temperature will
increase the number of nuclei and give rise to the generation of smaller nanoparticles.
Marshall et al. proposed a seesaw model according to the summary of the nanocrystal
model, which described the formation of nanocrystals as a kinetic competition between
acid-base reaction and metal ligand reactivity [21]. The relative influence of the reaction pa-
rameters such as solution acidity, ligand excess, and reactant concentration on the particle
size of nanoparticles has been verified by experiments. However, this model does not fit
all systems. For some specific MOF systems, it is essential to investigate the particle size
control methods by experiments.

In addition, the synthesis of MOF with high thermal stability has become the focus of
many investigators [22]. Most of the currently reported high-stability MOFs were prepared
by hydrothermal methods, which have high synthesis costs, harsh reaction conditions,
and excessive use of toxic organic solvents [23-25]. Although MOFs have been applied
in the preparation of new materials such as drug carriers, composite membranes, nanore-
actors, luminescence sensors, dielectric materials, capacitors, etc., [26-32], there are only
a few of them which have been applied to the actual production process. Optimization
and amplification of the MOF synthesis process are still extremely challenging, which has
brought major obstacles to the synthesis and realization of many other promising MOF
structures [33]. Achieving the mass production and widespread use of MOFs, it is in-
evitable to develop green and environmentally friendly synthetic methods. Studies have
reported that milder reaction conditions, greener metal nodes, and sources of organic
ligands are the top priority for the green synthesis of MOFs [34]. Much progress has
been made on hydrothermal methods [35]. However, there is a basic requirement for
hydrothermal synthesis. The reaction materials and products of hydrothermal synthesis
must be of considerable thermal and chemical stability. In addition, operation of reaction
at high temperature and high pressure leads to high energy costs and great risk of safety.
In comparison, the ultrasonic hydrothermal method and mechanochemical hydrothermal
method have the advantages of high efficiency and are environmentally friendly, but it is
difficult to scale up [36-39]. Up to now, only BASF-SE company has achieved ton-scale
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production of Basolite A520 material, which proved the difficulty to manufacture MOF
material with hydrothermal method in [40].

In this article, a novel method to generate MIL-121 was investigated. The developed
method can be used to produce MOF material at ambient pressure and temperature
below 100 °C. The MIL-121 obtained by the novel method has the same lithium adsorption
performance as that obtained by hydrothermal method, but with lower energy consumption
and is more environmentally friendly. Compared to hydrothermal method, this method is
more potential to be industrialized.

2. Materials and Methods
2.1. Material and Device

The parallel crystallizer (EasyMax 402 Basic, METTLER TOLEDO Group, Shanghai,
China) produced by METTLER TOLEDO Group and the constant-speed program tempera-
ture controlled by a thermostat produced by Nanjing Xianou Instrument Co., Ltd. were
used to control the cooling and crystallization process. The crystal products obtained in
the experiments were observed by the field emission high-resolution scanning electron mi-
croscope SEM (FEI, Apreo, Japan). The powder X-ray diffractometer (Shimadzu XRD-6100,
Shimadzu, Japan) and Fourier infrared spectrometer FTIR (BRUKER TENSOR 27, Bruker,
Germany) provided by the Analysis Center of the School of Chemical Engineering and
Materials were used for qualitative analysis of the products. The TG (Netzsch, Germany)
was implemented to analyze the thermal stability of the crystal material in the temperature
range of 50~800 °C under the protection of N; atmosphere. The LabRAM HR800 micro-
probe Raman system was used to analyze the Raman peak of the product. The particle size
distribution of the crystals is also analyzed by the BECKMANCOULTER LS series laser
particle size analyzer.

In order to confirm the crystal form and polymorphic purity of the products, powder
X-ray diffraction (PXRD) patterns were recorded on a Shimadzu PXRD-6100 diffractometer
equipped with Cu Ko source at a scanning rate of 5° min~!. The crystal habit of MIL-
121 was determined by scanning electron microscope SEM (FEL, Apreo, Japan). The size
of the crystals was characterized using a laser diffraction particle size analysis meter
(Beckman Coulter LS, Beckman, CA, America) at a pump speed of 52 r/min and ultrasonic
time 5 s. The Fourier transform-infrared (FI-IR) spectra (potassium bromide pellets)
were obtained on a TENSOR27 (Bruker, Germany) FT-IR spectrometer instrument in the
wavenumber range of 400-4000 cm~!. The Raman detection was carried out on a LabRAM
HR800 microprobe Raman system (Horiba Jobin-Yvon, France) with excitation of 532 nm.
The Raman band of a silicon wafer at 520 cm~! was used as a reference to calibrate the
spectrometer. The Raman shift range is 2504000 cm ™! and the exposure time is 5 s.
The thermogravimetric data were collected by SDT-Q600 differential of American TA
Company performed in the temperature range of 40-50 °C, with a temperature scanning
rate of 20 °C min ! in 50 mL min—! N, gas flow.

2.2. Investigation of the Crystallization Process

A parallel crystallizer (EasyMax 402 Basic) was used to investigate the cooling crys-
tallization process. AI(NO3)3-9H,0 2.4 g, H4BTEC(pyromellitic acid) 0.8 g, and 10 mL
deionized water were added to six identical 20 mL capped test tubes. The experiment
adopts different holding time (3, 5, 10 h) and cooling method (cooling rate 0.3 °C/min
and rapid cooling method). The reaction temperature was 80 and 100 °C, respectively.
When the reaction temperature is 80 °C, as the reaction time increases, the output of MIL-
121 also increases. The reaction temperature is 3 h, the product of MIL-121 is 0.083 g,
the reaction temperature is 5 h, the product of MIL-121 is 0.231 g, the reaction temperature
is 10 h, and the product of MIL-121 is 0.486 g. The effects of holding time, cooling method,
and reaction temperature on the grain size and yield of MIL-121 were investigated.
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2.3. Synthesis of MIL-121 by Low-Temperature Hydrothermal Method

The metal salt (AI(NO3)3-9H;0, 1.2 g) and solvent (deionized water, 10 mL) were
added into a 100-mL high pressure autoclave. The synthesis reaction was carried out at
80 °C after adding excess ligand (Al(NO3)3-9H,O:H4BTEC:H,O ratio is 2:4:174) and a
certain amount (1 mL NaOH aqueous solution with concentration of 4 mol/L) of sodium

hydroxide. The operation details of this method are described in the literature reported
before [41].

2.4. The Influence of Synthesis Temperature on Particle Size and Stability of MOF Particle

About 2.4 g of AI(NO3)3-9H,0, 0.8 g of H4BTEC, and 10 mL of deionized water
(AI(NO3)3-9H,O:H4BTEC:H,O ratio is 2:1:174) were added to 1 mL NaOH aqueous solution
with concentration 4 mol/L to carry out the experiment (See Supplementary Materials
Figures S1 and S2 for the experimental results of the sodium hydroxide addition amount).
Experiments were performed at hydrothermal synthesis temperatures of 80, 90, and 100 °C,
the reaction time was 48 h, and the cooling rate was 5 °C/h. White products obtained in
the experiment of 80 and 90 °C were washed with methanol three times and then with
deionized water several times until pH > 4. The synthesis product obtained at 100 °C was
washed only with deionized water.

2.5. The Influence of NaOH on the Cooling Crystallization Process of MIL-121

Two experiments were carried out to investigate the influence of NaOH on the synthe-
sis of MIL-121. Total of 2.4 g of AI(NO3)3-9H,0, 0.8 g of H4BTEC, and 10 mL of deionized
water were added into two 50 mL identical crystallizers respectively. The temperature
of the crystallizers coupled with a magnetic agitation was raised to 80 °C by using a
temperature-controlled tank to make the ligand completely dissolved. The experiments of
group A were performed without addition of NaOH aqueous solution to the crystallizer,
and experiments of group B were carried out by slowly adding 1 mL NaOH aqueous
solution with concentration of 4 mol/L. The system was sealed at 80 °C for 12 h and then
the heating was stopped and let it cool down naturally. Solution samples were taken using
a pipette at the intervals of 1, 3, 5, 10, and 12 h respectively during the constant temperature
process and then volatilized naturally in a fume hood. Raman analysis is performed after
the complete volatilization of the solvent.

2.6. Cooling Crystallization Experiment

A scale 100 mL experiment was carried out with a parallel crystallizer. About 7.044 g
of AI(NO3)3-9H,0, 2.134 g of H4BTEC, and 30 mL of deionized water were taken in the
No. 1 kettle. The kettle is heated to 80 °C and the pyromellitic acid is completely dissolved,
and then 3 mL NaOH aqueous solution with concentration of 4 mol/L is slowly added to
keep the temperature constant for 7 h. Subsequently, the temperature was reduced to 20 °C
at a rate of 0.3 °C/min. After centrifugal cleaning, it was dried in an oven at 80 °C for 24 h.
The mass of the MIL-121 product obtained is 1.284 g.

2.7. Adsorption Performance Test

About 0.05 g of the polymerized sample PDMVBA-MIL-121 was taken and dispersed
in 10 mL of lithium chloride salt solution and stirred for 16 h, and then centrifuged for
solid-liquid separation. Finally, a calibrated inductively coupled plasma spectrometer was
used to measure the concentration of lithium ions in the supernatant after centrifugation.
The standard solution for adsorption is a 10,000 ppm lithium chloride solution. The ICP
test method is to use a pipette to take 1 mL of the solution to be tested in a 100 mL
volumetric flask and dilute it with deionized water 100 times before testing the lithium-
ion concentration.



Coatings 2021, 11, 854

50f13

3. Results
3.1. Morphology, Size, and Stability of Small Particle Size MIL-121

Figure 1 shows the PXRD of the small particle size MIL-121 obtained under different
conditions in the Section 2.4. The samples obtained under the reaction temperatures of
80, 90, and 100 °C were named as MIL-121-80 °C, MIL-121-90 °C, and MIL-121-100 °C
respectively. The position and intensity of the characteristic peaks of the PXRD patterns
were all in line with the standard card of MIL-121 and previously reported pattern [42].
The structure of MIL-121 obtained by low-temperature hydrothermal method at 80 °C
with excess ligand and sodium hydroxide was confirmed in the Section 2.3. The PXRD
analysis result indicates that all the samples obtained under different reaction conditions
have the same crystal form, which demonstrates that the addition of sodium hydroxide
promoted the synthesis of MIL-121. With an increase in the reaction temperature from
80 °C to 100 °C, the intensity of PXRD characteristic peak increases. It indicated that the
crystallinity is improved with an increase in reaction temperature. The crystal face index
was obtained from the corresponding crystallographic information file of the PXRD data
peak-fitting result (Table S1, Supplementary Materials). In addition, the infrared peaks and
Raman peaks of the crystal products obtained under different synthesis conditions are the
same (Figure S3a,b, Supplementary Materials), which means that the samples generated
under different conditions are all MIL-121.
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Figure 1. PXRD patterns of MIL-121-ligand excess, MIL-121-80 °C, MIL-121-90 °C, MIL-121-100 °C.

Figure 2a—d shows the SEM (Scanning electron microscopy) results for MIL-121 prod-
ucts under different reaction conditions. All products present the same morphology of
regular polyhedron. The length to diameter ratio (LDR) of the products are slightly different.
The LDR for the products crystallized under excessive ligands is less than 4, indicating the
rapid growth of the (111) crystal plane (Figure 2a,b). The products crystallized with the ad-
dition of sodium hydroxide have smooth surfaces, blunt edges, and complete appearance.
From MIL-121-80 °C to MIL-121-100 °C, the length of the products increased from 1.2 pum
to 3.5 um. The particle size of MIL-121 was mainly affected by the synthesis temperature.
In addition, the particle size of the product obtained with excess ligand at the synthesis
temperature of 80 °C was smaller, but with lower yield about 10 mg. At the same synthesis
condition, the yield was improved to 0.52 g by adding 1 mL NaOH aqueous solution
with concentration of 4 mol/L. Obviously, sodium hydroxide accelerates the coordination
reaction rate between the metal ion and the carboxylic acid ligand.

The average particle size, median particle size, and coefficient of variation of the prod-
uct are shown in Table S2 (Supplementary Materials). With an increase in the hydrothermal
synthesis temperature from 80 to 100 °C, D50 (median diameter) of the products increased
from 2.15 to 3.94 um. This was consistent with the SEM results. The coefficient of varia-
tion (C.V.) data confirmed that the particle size distribution has gradually widened with
increased temperature. The particle size distribution of the product nearly conforms to
a normal distribution (Figure S4, Supplementary Materials). The products crystallized
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at different temperatures were of relatively high coefficient of variation, and the product
distribution is relatively dispersed. As the synthesis temperature increases, the particle
size of the product increases significantly.

MIL:A2000°C ey
5 Wer

Figure 2. SEM images of (a) MIL-121-ligand excess, (b) MIL-121-80 °C, (c¢) MIL-121-90 °C, (d) MIL-
121-100 °C.

In order to verify the stability of MIL-121-80 °C, MIL-121-90 °C, and MIL-121-100
°C under the auxiliary condition of sodium hydroxide, their thermal behaviors were
characterized. Figure 3 shows their thermogravimetric (TG) curve. Table 54 (Supplemen-
tary Materials) shows the mass loss of MIL-121-80 °C, MIL-121-90 °C, and MIL-121-100
°C in thermogravimetric analysis. Through data comparison, it is found that the initial
decomposition temperature of MIL-121-80 °C is 329 °C (the initial decomposition tem-
perature is calculated with a mass loss of 10%). The initial decomposition temperatures
of MIL-121-90 °C and MIL-121-100 °C are 357 and 375 °C (10%, mass loss), respectively.
Their thermal behavior is manifested in three stages. The first stage is the removal of
residual solvent and unreacted ligands in the MIL-121 channel. In the second stage of the
framework decomposition begins. The free carboxyl groups on the MIL-121 framework are
decomposed and converted into carbon dioxide. The third stage is mainly the conversion
of the coordinated carboxyl groups on the MIL-121 framework to carbon dioxide and the
rapid collapse and decomposition of the framework (Figure 3). When the decomposition is
completed (800 °C), the remained mass fraction of MIL-121-80 °C is 27.6%, the remained
mass fraction of MIL-121-90 °C is 34.5%, and the remained mass fraction of MIL-121-100
°C is 36.5%. It can be concluded that as the synthesis temperature increases, the thermal
stability of the product increases.

110

1004 —— MIL-121-80°C
—— —— MIL-121-90°C
90 - - T ——MIL-121-100°C
80 - The First Stage
—_~ The First Stage
8 70
‘%’; J
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50
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30

20 T T T T T T T
100 200 300 400 500 600 700 800

Temperature (°C)

Figure 3. TG curves of MIL-121-80 °C, MIL-121-90 °C, MIL-121-100 °C.

3.2. Prediction of Crystal Morphology

The theoretical growth habit of MIL-121 was simulated using the Morphology module
in Material studio. The unit cell data provided by the crystallographic information file [42]
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are used to simulate the crystal morphology with BFDH model. The crystal morphology
simulated with BFDH model is a regular polyhedron (Figure 4). According to the theoretical
prediction, the addition of sodium hydroxide promoted the growth of (200), (110), (110),
and (200) crystal planes. The accelerated growth rate of these crystal planes leads to a
polyhedral morphology. In addition, the addition of sodium hydroxide generated higher
supersaturation. Hence, the driving force for crystal nucleation and growth enhanced,
which accelerated the nucleation rate and growth rate of MIL-121. The crystal morphologies
of the real products are slightly different. The number and relative percentage of the
exposed facets are shown in Table 1.

Figure 4. Crystal morphology of MIL-121 predicted by BFDH module.

Table 1. Crystal surface parameters of MIL-121.

Hkl Dhkl/A Distance/A % Total Facet Area
{110} 10.39 9.63 63.43
{200} 8.06 12.40 10.01
{117} 5.98 16.72 26.37
(311} 4.84 20.68 0.19

3.3. Crystallization Process Promoted by NaOH

The droplets from the experiments, in Section 2.5, of the sample were naturally
volatilized and crystallized in the fume hood and analyzed by Raman as shown in Figure 5.
Figure 5a shows the Raman spectra of the blank sample without the addition of NaOH.
The characteristic peaks of the in-plane symmetric stretching vibration of the nitrate radicals
of AI(NO3)3-9H,0 are between 1035 and 1075 cm !, and the characteristic peaks of the
benzene ring of H4BTEC are at 1624, 3092 cm ! (the Raman peak analysis details of
Al(NOs3)3-9H,0, H4BTEC, pyromellitic acid hydrate, and MIL-121 are shown in Figure S5,
(Supplementary Materials)). The Raman peak analysis results of the intermediate sampling
showed that the coordination reaction occurred when the metal salt and the ligand were
dissolved in water. The Raman characteristic peak at 1035~1075 cm ™! was caused by the
residual nitrate. It disappeared after washing.

Figure 5b shows the Raman analysis of samples taken during the process of adding
sodium hydroxide to promote cooling and crystallization. The Raman characteristic peak
at 762 cm~! indicates pyromellitic acid hydrate before adding sodium hydroxide (the green
dotted circle). After the dropwise addition of sodium hydroxide, the Raman characteristic
peaks of the benzene ring and carboxyl group at 1169, 1257, and 1311 cm ! disappeared
(the black dashed box). This is because sodium hydroxide acts as a promoter to accelerate
the conversion of homo benzene. NaOH captures metal ions and promotes the bonding
of Al-O bonds. The characteristic peaks of MIL-121 at 798, 812, 825 cm ™! (the red circle)
appeared in the product after adding sodium hydroxide for 5 h. Figure 5a shows the results
of intermittent sampling and monitoring of the blank control group. The characteristic peak
of MIL-121 did not appear until the end of the cooling crystallization process. This con-
firmed that sodium hydroxide promoted the production of MIL-121. It was also confirmed
that a small amount of MIL-121 was contained in the sampled droplet crystal product after
adding sodium hydroxide for 5 h.
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Figure 5. (a) Raman spectra of group A without NaOH. a, H4BTEC; b, pyromellitic acid hydrate,
¢, initial saturated solution, d, after dissolution; e, refer stirring for 1 h; f, refer stirring for 3 h, g,
refer stirring for 5 h, h, refer stirring for 10 h, i, refer stirring for 12 h. (b) Raman spectra of group B
cooling crystallization process monitored. a, H4BTEC; b, pyromellitic acid hydrate, ¢, initial saturated
solution, d, before adding NaOH; e, refer adding NaOH for 1 h, f, refer adding NaOH for 3 h; g,
refer adding NaOH for 5 h, h, refer adding NaOH for 10 h, i, refer adding NaOH for 12 h. (c) FTIR
of group B cooling crystallization process monitored. a, H4BTEC; b, pyromellitic acid hydrate; c,
initial saturated solution, d, before adding NaOH; e, refer adding NaOH for 1 h, f, refer adding
NaOH for 3 h, g, refer adding NaOH for 5 h, h, refer adding NaOH for 10 h, i, refer adding NaOH for
12 h. (d) FTIR of the sample after washing with ethanol.

The droplet crystallization product was further analyzed by FTIR, as shown in
Figure 5c. The infrared peaks of the products sampled after adding sodium hydroxide
for 3 and 5 h are consistent. Similarly, adding sodium hydroxide for 10 h and sodium
hydroxide for 12 h showed the same peaks. In order to eliminate the influence of nitrate
and pyromellitic acid and its hydrates, ethanol and water are used to clean the crystalline
products of the naturally volatilized droplets. During the washing process, some sam-
ples were completely dissolved and a small amount of samples remained. The remained
samples were dried in an oven at 80 °C and analyzed by Fourier infrared spectroscopy.
Figure 5d shows the comparison between the infrared peaks of the sample after cleaning
and the peaks of the raw material pyromellitic acid and the product MIL-121. The results
confirmed that the infrared peaks of the sample after cleaning are consistent with those of
MIL-121. Combined with the analysis of Raman spectroscopy, it was determined that the
natural volatile crystalline product of droplets was a mixture of pyromellitic acid and its
hydrate and MIL-121. Trace amounts of MIL-121 nuclei were formed after adding sodium
hydroxide for 3 h. It was also determined that the optimal equilibrium time range for the
preparation of MIL-121 by adding sodium hydroxide under ambient pressure was 5-10 h.

3.4. Optimization of Synthesis Parameters

A parallel crystallizer was used to carry out the optimization experiments under differ-
ent reaction temperatures, reaction time, cooling rates, and the addition amount of NaOH.
The experimental results were consistent with the conclusions drawn from the process
investigation of preparing MIL-121 promoted by sodium hydroxide. That is, the optimal
addition amount of NaOH is 1 mL aqueous solution with concentration of 4 mol/L, at a
temperature of 80 °C, and the preparation time range is 5-10 h. Crystallization with the
optimal operation parameters was carried out, and the product yield was higher and the
morphology of the products was shown to be more uniform. On the contrary, extending the
reaction time did not increase the product yield much, but both energy and time consump-
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tion were prolonged. In addition, as the reaction temperature increases, the equilibrium
time is significantly shortened and the yield becomes larger. However, the particle size
of the product remains unchanged under normal pressure. Taken together, the cooling
crystallization method proposed in this article can make it possible to prepare MIL-121 at
atmospheric pressure with reaction time of several hours. Considering the comprehensive
factors such as product yield, the reaction time can be shortened to 5-10 h when the reaction
temperature was 80 °C. When the reaction temperature approached 100 °C, the preparation
time can be shortened to be less than 5 h. This method greatly decreased the preparation
cost and time, and the preparation conditions were relatively mild. MIL-121 with uniform
particle size distribution can be obtained under ambient pressure and low temperature
conditions (Table S3, Supplementary Materials, the preparation method and preparation
time of common aluminum-based MOE.)

The morphology of the products collected in the cooling crystallization of MIL-121
promoted by the NaOH and the morphology of the products obtained in the large-scale
experiment were both characterized by SEM as shown in Figure 6. The morphology of MIL-
121 obtained by cooling crystallization was consistent with the morphology of the products
collected by the hydrothermal method. They were both regular polyhedron. The difference
was that the products obtained by cooling crystallization were attached with smaller
particles of MIL-121. The particle size distribution diagram of large-scale experimental
product was shown in Figure S4d (Supplementary Materials). The particle size distribution
is more uniform than that of hydrothermal synthesis products. The particle size of the
cooling crystallization product was smaller than that of the hydrothermal method at the
same temperature, and the median diameter D50 is 1.57 um. The stability of the product
was confirmed by TG. The derivative in Figure 7 demonstrated that the sample decomposed
step-by-step as the temperature increases. The first stage is mainly the removal of the
solvent ethanol and deionized water used for cleaning, and the subsequent stage is the
decomposition of the carboxyl group and the framework. The dehydration temperature
is 246 °C, and the initial decomposition temperature is about 386 °C. Compared with
the thermal stability data of the hydrothermal method MIL-121-80 °C, MIL-121-90 °C,
and MIL-121-100 °C products (Table 54, Supplementary Materials), the thermal stability of
the product produced by cooling crystallization is better.

— Scale 100 mL
100 | _ Derivative
A N —1-327%

1/19.19%

T T T T T T T
100 200 300 400 500 600 700 800
Temperature(°C)

Figure 7. TG curves of MIL-121-scale 100 mL.

On the basis of the 100 mL scale cooling crystallization experiment, a 250 mL crys-
tallizer was used for scale-up experiments. The results of the scale-up experiment were
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similar to those of the scale 100 mL experiment. The preparation method can quickly
prepare MIL-121 with high thermal stability under ambient pressure, and potentially pave
the way for the industrial production of MIL-121.

3.5. Lithium lon Adsorption Performance

The MIL-121 prepared at three different synthesis temperatures and two different
scales were polymerized by introducing DMVBA (N,N-dimethyl-vinyl-benzyl-amine)
monomer into the pores of MIL-121 by the solution radical polymerization method. MIL-
121 is functionalized, making it a composite material PDMVBA-MIL-121 [18] with both
free carboxyl groups and amine groups with adsorption properties. A histogram was made
according to the adsorption capacity (Table S5, Supplementary Materials) as shown in
Figure 8. It can be clearly seen that MIL-121 prepared at three different synthesis tempera-
tures and two different scales has little difference in the adsorption performance of lithium
ions after polymerization modification, and the adsorption capacity is basically the same at
about 0.18 mmol/g. That is, the small particle size MIL-121 prepared by the hydrothermal
method and the MIL-121 prepared by the cooling crystallization method have the same
adsorption performance for lithium ions after the polymerization modification. However,
compared with the hydrothermal method, the cooling crystallization method can quickly
obtain a large amount of MIL-121 under ambient pressure, with better reproducibility
and operability.

0.30

- hydrotherma

0.25 -

0.10

Adsorption capacity (mmol/g)

.00
MIL-121-80C MIL-121-90C MIL-121-100°C scale 100 mL  scale 250 mL

Figure 8. The adsorption performance diagram of MIL-121 obtained under different experimen-
tal conditions.

4. Conclusions

A novel method to generate MIL-121 under ambient pressure was developed. Sodium
hydroxide was used as the promoter in the novel method to promote the coordination be-
tween metal ions and ligands of MIL-121 without the reaction condition of high temperature
and pressure, so that MIL-121 can be produced under ambient pressure. The experimen-
tal result indicates that there is no difference in the lithium-ion adsorption performance
between the products of MIL-121 obtained by the cooling crystallization method and
hydrothermal method. However, compared with the hydrothermal method, the cooling
crystallization method greatly shortens the preparation time and production cost of MIL-
121. In this paper, the optimal synthesis strategy of the cooling crystallization method was
also determined and a small-scale cooling crystallization experiment was carried out under
the guidance of the optimal synthesis strategy. The MIL-121 products obtained by this
method are of a uniform size and higher stability compared with the products prepared by
the hydrothermal reaction at the same temperature. The alkali-assisted mechanism of this
method was estimated, and effect of reaction condition on the morphology and crystal size
of MIL-121 crystal products was investigated. The experimental results demonstrate that
the MIL-121 can be produced by the traditional cooling crystallization without high tem-
perature and pressure, which provided a basis for the industrialization of aluminum-based
MOF (MIL-121).
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ coatings11070854/s1. Figure S1: SEM images of products under different sodium hydroxide
addition conditions, Figure S2: (a) Raman diagram of products with different sodium hydroxide
addition levels, (b) Centrifugation results of products with addition volume of 16 mmol, Figure S3:
(a) FTIR spectrum of MIL-121 and (b) Raman spectrum of MIL-121, Figure S4: Size distribution
of (a) MIL-121-80 °C (hydrothermal method from Section 2.4), (b) MIL-121-90 °C (hydrothermal
method from Section 2.4), (c) MIL-121-100 °C (hydrothermal method from Section 2.4), (d) MIL-121-80
°C scale 100 mL (Cooling crystallization method from Section 2.6), Figure S5: Raman spectra of
(a) AI(NO3)3-9H,0, (b) H4BTEC, (c) pyromellitic acid hydrate, (d) MIL-121, Figure S6: (a) PXRD
pattern of MIL-121-(1 atm, 80 °C), EasyMax product, (b) FTIR spectrum of MIL-121-(1 atm, 80 °C),
EasyMax product and (c) Raman spectrum of MIL-121-(1 atm, 80 °C), EasyMax product, Table S1:
Peaks location of PXRD pattern and the crystal indices of MIL-121 [2], MIL-121-80 °C NaOH 4 mmol,
Table S2: The particle size distribution of MIL-121 under different temperature, Table S3: Preparation
method and preparation time of partial aluminum-based MOF, Table S4: TGA mass loss of N-MIL-121
crystals synthesized under different conditions, Table S5: The adsorption performance test data of
MIL-121 after polymerization obtained under different experimental condition.
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