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Large Uniform Copper 1,3,5-Benzenetricarboxylate M etal-Or ganic-Framework Particles from
Slurry Crystallization and Their Outstanding CO, Gas Adsor ption Capacity

Chunfeng Xue*, Enyang Wang, Hongye Zhu, Qingchun Yuan, Xiaogang Hao and Bo Xiao*
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Large uniform HKUST-1 particle with outstanding CO, capture capacity is firstly prepared
in an eco-friendly slurry crystallization system.
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ABSTRACT: To prepare more and better metal organic framksv@viIOFs) from less solvent
for capturing greenhouse gas, a modified slurrstafiization (MSC) method has been first
demonstrated for making MOF copper 1, 3, 5-benzeaeboxylate from a solvent-deficient
system. One outstanding advantage is its drastiocton of solvent consumption and waste
liquid in the whole synthesis. In a typical procebe mass ratio of ethanol to the solid reactants
is ~ 0.52, which is only about 0.35% ~ 7.5% of thsgd in conventional processes. A high yield
of ~ 98.0 % is easily achieved for the product withiform size up to 16@m. The obtained
MOFs demonstrate the characteristic microporouwardt with a surface area of ~185F igi*

and a pore volume of ~0.78 &}, which benefit to adsorb high quantity of £©6.73 mol kg

! at ordinary pressure. X-ray diffraction studieditate that the MOFs possess an outstanding
diffraction intensity ratio of the crystal plane, @ 2) to (2, 0, 0)l222/1200) = 22.4. The MSC
method provides a cost-effective approach for ksgme production of MOFs with more
attractive properties than others. Most importgntlgan significantly cut down the waste liquid

and production cost.



1. Introduction

Metal-organic frameworks (MOFs) standing out fromcmmporous materials are
mainly due to their unique characteristics, suclhigh surface area, structural tunability
and diverse functionality. Judicious assembly oftaheations and organic ligands as
building blocks allows bespoke MOFs’ structure te bonstructed to best suit the
requirements for various applications, e.g. hydnog®rage, gas separation, £€pture
and catalyst supportéf. There are many key factors influencing their indak
implementatiorf, one of which is their cost dominated by ligandd aalvents. In addition
to the ligands, a large amount of organic solvesstdufor mixing the initial reactants and
facilitating the MOF crystallizatiort.® Although the solvent plays the key roles in the
crystallization process, i.e. regulating the fornomat of the different coordination
environment; acting as structure directing agentcomtrol the configuration of the
structure and as a guest molecule to stabilize MDEcture, the mechanism of the
solvent mediating specific MOF crystallization imact still remains unclear. This
inevitably results in the irrational consumptionsaiivents, high running cost and serious
environmental concerns.

Among the diverse MOFs, a typical MOF coded as HKWS (also as
Cug(BTC),(H-0)3:xH-0) has been widely studiédCompared with most of other MOFs,
its starting materials are relatively cheaper. iPaldrly, the bezenetricarboxylic (BTC)
acid only costs about $ 20.0 kgr less’® A wide range of copper sources including
Cu(NGs),;, Cu(CHCOOQ), Cu(OH) and even metal Cu (by Galvanic corrosion) are
available for making HKUST-1 in different solveritsiIKUST-1 with different specific

surface area can be synthesized in different yieydsolvo/hydrothermal method at 348-



393 K!°*3 For example, refluxing dimethylformamide (DMF) 423 K produces
HKSUT-1 in a 65% yield. Subsequently, high surfaocea can be achieved by a thorough
solvent displacing operatidfi. Other approaches including microwave-assisted
synthesis? electrochemical routéand ultrasonic synthesiSwere also investigated.It
should be noted that a large amount of organicestjvmethanol (MeOH),ethanol
(EtOH),” DMF,* or dimethyl sulfoxide (DMSOJ® are used in the above processes
accompanying with plenty of waste liquitiTheir mass ratios of organic solvent to solid
reactants in preparation process are calculatedait 7 ~ 150. Most of the MOF crystals
are centered at around 1ufh in diameter. Alternatively, solventless mechaherical
synthesis has been developed for preparing HKUSHeWever, a large amount of EtOH
is still required to purify and activate the protafé: 2°>*The mechanical impact process
also encounter the risk of serious explosion. Frantommercial and sustainable
viewpoint, using cheap and recyclable solvent arskimally reducing waste liquid to
save processing energy should be taken into camlside. Water is a perfect green
solvent. However, when water is exclusively usedthia synthesis system, the one-
dimensional zigzag chain structure Cu(BTG@) (catena-triaqua-(1,3,5-
benzenetricarboxylate)-copper(ll)) is formed onhfyeasibly, a rationally small amount of
organic solvent is required for the formation o tkleal HKUST-1 structure. Based on
this, a cost-effective strategy to produce a highality MOF using less solvent is desired.
Recently, slurry or suspension crystallization teghe has been studied for co-crystallization
of pharmaceuticals, aiming to modify drug propéftyVe think this approach can be used for
making MOFs and rationally reduce the consumptibeatvent. Meanwhile, a high spacetime

yield can be expected. In this work, taken the MA@WKUST-1 as a model, a modified slurry



crystallization (MSC) is demonstrated to synthestize a cost-effective style. The evolution of

its morphology and property dependent on the meltlasdoeen mainly investigated.

2. Experimental

2.1 Chemicals: 1, 3, 5-benzene tricarboxylic acid 4BTC, >99%) was used as obtained from
Maya Reagent Company. Copper(ll) nitrate trihnyd{@a(NGs),- 3HO, >99%), ethanol (EtOH,
>99.7%) were purchased from Tianjin Kemiou Chemiahgent Co. All raw materials were
used without further purification

2.2 Preparation of HKUST-1 using modified slurry crystallization (M SC) method: The
stoichiometric molar ratio of Cu(N§p-3HO to HsBTC is kept at 3:2 for all the experiments,
also the volumetric ratio of EtOHA® at 1:1 Table 1). The relative quantity of solvent to the
solid reactants is varied from 0.13 to 2.07, allugvthe effect of solvent amount on the product
to be examined. H-1, H-0.5 and H-0.25 use a ldtiount of EtOH varying from 1.5 to 0.375
mL. Briefly, Cu(NG),-3H0 (1.44 g, 6.0 mmol) is dissolved in the pre-mixadution with
deionized HO (1.5 mL, 1.49 g, 83.09 mmol) and EtOH (1.5 mI18lg, 25.68 mmol) and stirred
at room temperature for 30 min. ThenBAC powder (0.84 g, 4.0 mmol) is added in the
previous blue solution with further stirring for @0in. The mass ratio of EtOH to the solid
reactants (Cu(Ng).-3H,O plus BBTC) (E/S) is calculated at about 0.52. Finally tieained
slurry is sealed in 25 mL autoclave and heated®atk3for 10 h. After the autoclave is cooled to
room temperature, liquid droplets on the upperubeave inside are collected and removed.
The blue crystal is directly dried at room temperatovernight as as-made sample H-1 without
any washing. The space-time yield is calculatedoft8 kg m*> d*. In case of preparation of H-
2 and H-4, obvious mother liquor is remained atah®clave bottom and decanted for collecting

samples. They are harvested in a yield of arould. 98



2.3 Characterizations. X-ray diffraction (XRD) patterns are recorded oRigaku D/Max-
3B type X-ray diffractometer with the Cuokradiation, {= 0.15406 nm, 40 kV, 40 mA)
in a scan range of 5-50°,Mdsorption-desorption isotherms are measured eBKN22

W at 196 °C. Pore size distributions are calculdteth Horvath-Kawazoe method. The
sample is outgassed at 150 °C for 10 h before memmsnts. Thermogravimetry (TG)
curves of samples are collected on a Netzsch STARMTG/DTG instrument. About 5
mg of samples are placed onto an alumina cruciideheeated at a ramp of 10 °C- ilim

the range of from 25 to 800 °C im;flow (100 mL-min®) to analyze thermal stability.
SEM images are collected on Field Emission Scankiegtron Microscope JSM-7100F
operated at 10 kV. All the samples are coated a gold film. The optical light
microscopy images are observed with a Leica MSbdular eyepiece with transmitted
light and polarization filter. The images of is@dtcrystals are taken with a Nikon
COOLPIX 4500 digital camera through a special acatannection.

2.4 CO, adsorption investigation: The CQ adsorption isotherms are measured on JW-
BK122W. The CQ gas with high purity (99.999%) is regulated inaage of O — 1.0 bar.
First, 0.1 — 0.2 g sample was put into the samybe tand outgassed at 423 K overnight
before the testing, then started to measure at teomperature of 295 K. The weight of

samples was recorded after the measurement.

3. Resultsand Discussion

In the MSC process, a thick gel-like mixture of HEU-1 precursor is initially formed,
followed by its crystallization at 383 K for 10 Gondensed acidic liquid droplets (HMN@&tOH
and HO) aggregate on the upper section inside the awecSemidry crystals in deep turquoise

are formed at the bottom of the autoclave. Theycatkected in an almost calculated yield and



dried in the air without further washing treatmeXRD patterns of the samples are stacked in
Figure 1. Their peak positions are consistent with the reggbHKUST-1 except that detectable
impurity appears in the sample H-023However, the ratios of diffraction intensiky22)1 200

(26 = 11.6, 9.8) with respect to the crystal planes (222) and Y20@ obviously varied along
with the used solvent quantity éble 1). In details, the sample H-1 prepared with the iEBt®

of 0.52 exhibits the strongest diffraction intepgFigure 1A), implying the highest crystallinity
of this sample compared to the other ones. The nemitadominant peak a®y2= 11.6 is
observed for all the samples. The largest rati&ef/l 200y is up to 22.438 for the sample H-1.
Similar results have been observed for the oriegted/th of HKUST-1 either on the —GHnd
—OH functionalized self-assembled monold$esr in a harsh environmefit. By means of

atomic force microscopy and in-situ diffraction bs#s 2’

it clarifies that the crystal growth
prefers to take along [111] orientation. The grovi¢ature well coincides with the extreme
supersaturation of the initial mixture and the tjfization condition$® Under the synthesis
condition here, the simulation of isothermal vapguid equilibrium has shown that much less
molar number of KD and EtOH, 6.89 mmol, are in liquid phase at 388 & volume of 25 mL
with a molar fraction of EtOH 0.03 only, comparedhna value of 102.1 mmol in vapor phase
equivalent to ~2.5 mL at room temperature, where tholar fraction of EtOH is 0.25.
Obviously, in this case, much less amount of liquigsents for the growth of HKUST-1 crystal,
which may finally influence MOF particle size. Wittoubling the E/S ratio (1.03) in the sample
H-2, the ratio ofl 220yl 200) decreases to 8.072; and further decreases to 82#% sample H-4
with an E/S values of 2.0Figure 1B, C and Table 1), which is close to common HKUST-1

from hydrothermal method. From these results, wesicier that it is possible to optimize the use

of a solvent to control the growth and even thédysg HKUST-1 crystal. For the samples H-0.5



and H-0.25 the used solvents are not enough to provide a ldeitanvironment for the
crystallization. In details, the solvent is not egb to mix reactants homogeneously and to
provide a proper mobility for the undissolved reats$, leading to the formation of the impurity
and the incomplete reactioRigure 1E, F).> When the EtOH is only used as the solvent without
any added kD and the E/S ratio is still kept at 0.52, the of#d sample H-10 shows a very low
crystallinity but no detectable impurity from XRDafpern Eigure 1D). Its I 222yl 200 ratio is
similar to that of H-4Table 1). This result implies that #0 plays a crucial role in the growth of
large HKUST-1 crystals. Similar results have bebseoved for the HKUST-1 prepared from

Cu(OH).?

Figure 2 shows SEM images of as-made samples H-4, H-2, H-10, H-0.5, and
H-0.25. The sample H-4 (E/S = 2.07) is mainly cosgabof 13um uniform particles and
small number of ones in 25-38n (Figure 2A, B). They are regular and smooth. Just as
observed and calculated from its optical photogr@pbure 3a, b), about 62% particles
center at 1um in size Figure 3c). In the whole batch sample, it can be seen thiick
layer of small uniform particles gather at the bottand only a thin layer of large ones
stands on the topF{gure S2a). When the ratio E/S reduces to 1.03, the samp H
particles tend to become bigger. It is mainly cosgab of 20-60um and 100-14Qum
regular crystals,Kigure 2C, D). Their surfaces become rough compared to the Igalfhp
4. Its particle size distributior={gure 3f) is also calculated at about 41.3% and 43.5%
separately according to its optical imag&sg(re 3d, €). With the ratio E/S further
decreasing to 0.52, the sample H-1 exhibits unifarge octahedral crystalBigure 2E,

F). About 92 % of the crystals increase to 80-160 in size Figure 3g, h, i). What's

more, their color turns thick because of the enbdrsize, which can be observed from its



overall photographHigure S2c). All the results indicate that minute solvent bkts to
get deep turquoise and large partickeg@re S2c). Combining with previous XRD
results, they suggest a preferentially orientedwginoof crystals in such a solvent-
deficient system. Similar crystal oriented growttd anorphology evolution was observed
by increasing the concentration of KN@ EtOH/HO solution?® Small size particles
mainly contain the high-energy {100} facets, wherethe larger crystals have the
developed low-energy {111} facets. To some extdhts might be similar to the
reduction of the ratio E/S, i.e. increasing theamnration of C& and BTC. Adjusting
the solution concentration will impact the inteiantbetween Ctf and BTC and promote
their assembling along one direction towards the-émergy facets. Similarly, small
changes of crystal size and morphology dependeiii@eoncentration also happened in
microwave and hydrothermal synthesis of HKUST™¥ In the absence of 4@, the
small but uniform crystals (2-14m) are observed in the sample H-Figlre 2G, H and
Figure 3j, k, 1), indicating the importance of.B in mediating crystals size. Interestingly,
the very tiny particles take on bluish green calibferent from othersKigure S3d). For
the sample H-0.5 prepared from E/S = 0.26, pagiale aggregating into irregular shapes
in around 10Qum (Figure 21, J). They are HKUST-1 crystals but with low crystaity.

It can be seen that they are covered with some @#mas specied=(gure 2J). From its
optical image igure Slb and Figure S2e), it can be also observed that tiny white
particles are mixed with HKUST-1 crystals. Combgithe above results, we can deduce
that the white particle as impurity is part of ueweed ligand. Particularly, in the case of
the sample H-0.25 derived from the further redueid E/S = 0.13, the sample displays

irregular shape with different siz&igure 2K, L). Many white particles appear in the



product Figure Slb, c and Figure S2f), implying the existence of impurity composed of
unreacted ligand and unknown phase concluded filoenXRD resulf® Their FTIR
spectra also exhibit some difference between thEigufe 4). Two obvious bands
ascribing to the stretching vibrations of C=0 (1&8 ") and C-O (1232 ci) labeled
by dashed lines are observed for samples H-0.3H0@®5 Figure 4e, f), which are the
characteristic bands of ligan&BITC. Therefore, their presence in FTIR spectradathis
the unreacted ligand staying in the samples. Thalte coincide with the observations
from photographical images above. Noticeably, the vibration bands are drastically
weakened even disappeared in the other HKUST-1 Issnmcluding H-1, H-2, H-4 and
H-10 (Figure 4a-d), implying no ligand remaining in them. That meahs obtained
sample is highly pure and agrees with the conchssitom their XRD patterns and
images.

Although crystal size and morphology of samples etielp on the preparation
conditions, their thermal stability that is detemed by the framework structure is not
affected. This is reflected in the TG profileshrgure 5. MOFs H-1, H-2 and H-4 show
weight loss ~20.4 wt% at about 180 that can be ascribed to the removal of physically
adsorbed EtOH and B (Figure 5a-c). A further weight loss 4.6 wt% occurring at ~150
°C is related to the removal of the coordinate®HFigure 5a-c). When the temperature
rises to ~ 355C, the frameworks become thermally unstalbiEre 5a-c).” %2 H-0.5
performs differently, because it is a mixture of BET-1 crystals and the unreacted
ligand (Figure 5€). The results are consistent with the conclusimmfabove FT-IR
results and images. H-10 was obtained from anhydEi@H. At ~100°C, its weight loss

is only 14.9 wt% [Figure 5d) contributed from the removal of adsorbed ethawbigch is



different from and less than that of other MOFsstailized in ethanol-water solution. As
a result, the sample H-10 reasonably shows the tetd weight loss among all the as-
made samples. If we suppose that both sample HiddMHal have the same pore volume,
the ratio of weight loss below 10C is calculated at 0.73 and very close to the dgnsi
ratio 0.79 of EtOH to bD. Considering the relative polarity of ethanoater, 0.654,
this infers that the HKUST-1 has affinity to adsonbre polar water molecules.

N, adsorption isotherms of samples H-1, H-2, H-4 &hkd0 are of type | curves
corresponding to microporous materials but exhdifferent adsorption volumegigure
6 (A)a-d). All the samples display fairly narrow pore siistributions centered at about
0.62 nm(Figure 6 (B)a-d), coinciding with their micropore structure. Amiagly, the
sample H-1 achieves a high BET surface area ug%a tf g * and pore volume of 0.78
cm® g ! (Figure 6 (A)a), which is in the scope of high surface area na&(Table 2).
For samples H-2 and H-4, their surface areas aB® &5d 1258 mg ", pore volumes
0.63 and 0.48 cing™, respectively. In case of sample H-10 with ratherall size, it
displays the smallest surface area (932gn) and pore volume (0.43 éng %) among
them. According to the above XRD resul&&dure la-d), no detectable peak a6 Z
36.4 can be observed for possible impurity-Ouresent in the products. Therefore, the
difference between their surface areas is direntlyelation to their particle sizes.
Predictably, the large H-1 particles will performtier gas adsorption than others.

Figure 7 shows the results of G@as adsorption over the samples H-1, H-2, and H-4.
The highest adsorption capacity of 6.73 mof K§igure 7a), has been achieved by the
sample H-1 composed of the biggest and most unifayatals among all the samples

(Figure 2E, F). As far as we know, this capacity is higher th@ published results at the

10



same adsorption conditiof$Samples H-2 and H-4 with small particle size ad06,

of 5.06 and 3.92 mol kg (Figure 7b, c), respectively. The results clearly line out the
effect of particle size on GQgas adsorption capacity of samples HKUST-1. Costpar
with the previously reported G@dsorption capacity of 1.0 — 4.5 mol'kgver small size
HKUST-13%3° we tentatively believe that the particle H-1 withge size can provide
longer porous channels and hence accommodate ni@renGlecules than others.

Basing on the above observation, we propose thdereifce between the
solvo/hydrothermal method and the MSC adopted i® $hudy as shown ifkigure 8.
Usually, MOFs are solvo/hydrothermally preparedystems involving a large amount of
solvents Figure 8a), which mainly follow solution-mediated transpanechanism for
crystal growth. The mechanism generally involves ¢bmplete dissolution of precursors
and necessary mobility of the dissolved speciesdbytion-mediated transport to nucleate
for crystal formatiorf® Herein, Cu(NQ),- 3H,O and HBTC can be easily dissolved in a
huge amount of solvent. A gas-liquid phase equilioris established between the mixed
vapor (HO, EtOH and HNG@) and the mother liquor during the crystallizatimocess. In
the whole preparation process, the liquor alwaysy/sstand establishes a dynamic
equilibrium between dissolution and crystallizatioh HKUST-1 crystals. The liquor
containing part of reactants is finally drained gvaa waste liquid. As a result, this leads
to a low yield and environmental pollution. The ymbbspersity in the conventional
synthesis has been explained by simultaneous riarieand growtH'

In the MSC procesd~(gure 8b), the reaction slurry is supersaturated by sigaiftly
reducing solvent amount, which is about 10% or tbas that of hydrothermal method.

Undoubtedly, the usage of small quantity solvemhidishes the formation of large

11



amount of mother liquor from the first place. Moveg most of the mother liquor during
the crystallization process presents as the vapasein the upper section of the reactor,
which is apparently separated from the formed atgsit the bottom of reactor. Thus, the
absence of liquid phase containing high concewntnatif MOF crystals can not facilities
new nucleation favourabf?** Once nucleation completes during the slurry making
crystals will equally grow from the existing nuclaade from the building blocks, which
allow the uniform crystals to be formed along a lewergy favor orientation. For
example, the sample H-1 has fairly uniform sizeriiation (Figure 2i) than the sample
H-2 and H-4, its particle is also much bigger tifaat of conventional synthesis. Finally,
the large size of the uniform particles may lead taigh diffraction ratio of crystal plane
(222) to (200) igure 1a). Here, such a MSC process is similar to theficed
evaporation of a clear precursor solution for patey HKUST-1® Since no obvious
liquor is left, the large product particles candasesily harvested in an almost calculated

yield.

4. Conclusions
In summary, we have demonstrated the MSC methothéofirst time for the complete

conversion of a solvent-deficient slurry into a @uU/IOF material. This method can
produce MOF HKUST-1 with uniform size up to 16 with less solvent in a high yield.
The large HKUST-1 particles exhibit high surfaceaaof 1851 g’ and an excellent
CO, adsorption capacity of 6.73 mol kgt normal pressure. The MSC method is of
significant interest for producing MOFs in a coffeetive manner and avoiding to handle

large amount of solvent and waste liquid. Most inoatly, the MOF derived from the

12



MSC method displays more attractive property angliegtion performance than others.

Its feasibility for synthesizing other types of M®IS being under investigation.
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Figure captions:
Figure 1. XRD patterns of as-made samples: (A) H-1; (B);H& H-4; (D) H-10; (E) H-

0.5; and (F) H-0.25 synthesized with different amtoaf solvent at 383 K for 10 h

Figure 2. SEM images of as-made samples: (A, B) H-4; (CHEB; (E, F) H-1; (G, H)
H-10; (1, J) H-0.5; and (K, L) H-0.25

Figure 3. Light microscopy images and particle size disitidkns of as-made samples: (a,
b, c) H-4; (d, e, f) H-2; (g, h, i) H-1; and (j, ,H-10

Figure 4. FT-IR spectra of as-made HKUST-1 samples: (a) kbLH-2; (c) H-4; (d) H-

10; (e) H-0.5; and (f) H-0.25 synthesized with eéiffnt amount of solvent at 383 K

Figure 5. TG curves of as-made HKUST-1 samples in (&) H-1; (b) H-2; (c) H-4; (d)

H-10; and (e) H-0.5

Figure 6. N, adsorption-desorption isotherms (A) and pore dig&ibutions (B) of samples: (a)

H-1; (b) H-2; (c) H-4; and (d) H-10

Figure 7. CO, gas adsorption isotherms at 295 K and pressurel @ bar on samples

HKUST-1: (a) H-1; (b) H-2; and (c) H-4

Figure 8. Schematic diagram of the crystallization methf@idsynthesizing HKUST-1: (a)

solvo/hydrothermal process and (b) modified slamystallization process
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Table 1. Synthetic conditions used in MSC method and properties of samples

HKUST-1

Code EtOH(ml) HO(mML) E/S? Izl

H-1 15 15 052 22438
H-2 3.0 3.0 1.03 8072
H-4 6.0 6.0 207 3225
H-10 15 0.0 052  3.257
H-0.5 0.75 0.75 026  3.071°
H-025 0375 0.375 013  4.0769

d Mass ratio of EtOH to the solid materials; ® Containing tiny impurity; ©

Containing unknown phase.



Table 2. Textural characteristics of samples herein andrted ones

Sample Ser[m*g1?  Vrlem®gY®  Reference
H-1 1851 0.78 This work
H-2 1539 0.63 This work
H-4 1258 0.48 This work
H-10 932 0.43 This work
HKUST-1% 692 0.33 7
HKUST-1% 1067 0.52 6
HKUST-19 1075 0.66 16
HKUST-1% 1215 0.60 23
HKUST-1% 1333 0.658 33
HKUST-1% 1364 N/A 20
HKUST-1" 1392 0.56 15
HKUST-1% 1503 N/A 9
HKUST-1% 1507 N/A 37
HKUST-1% 1713 N/A 21
HKUST-19 1716 N/A 22
HKUST-19 1820 N/A 4

¥ Sset: Surface area calculated from multi points acewgdb BET method”
Vr: Total pore volume® hydrothermal method? ultrasonic synthesis®

mechanochemical metho¥microwave synthesi€ electrochemical method.
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Highlights

1

2.

Slurry crystallization isfirst modified to prepare uniform 160 pm HKUST-1 crystal.
Mass ratio of used ethanol to solid reactantsis low as 0.52 but yield high as 98%.

Obvious growth orientation is concluded from XRD intensity ratio of crystal planes.
Its long channels contribute to high surface area and more CO, adsorption capacity.

This cost-effective method is promising in producing MOFs in an eco-friendly style.



