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Abstract—One of the important metal-organic frameworks known as UiO-66 has received significant attention
recently due to its unprecedented chemical and thermal stability, with exceptionally high surface area. We prepared
UiO-66 particles by a rapid solvothermal method which took only 30 min at 120 °C to prepare, compared to the previ-
ous work which took longer than 12 h. Changing the precursor’s concentration ratio from 0.5 to 1.5 and reaction tem-
perature from 80 °C to 140 °C resulted in the increase of UiO-66 particle size from 30 to 150 nm. The highest surface
area of ca. 1,300 m’/g was achieved at concentration ratio of 1 and temperature of 120 °C with bi-modal pore sizes of ca
0.60 nm and 1.25 nm, respectively. The UiO-66 particles with the highest surface area were then employed to capture
carbon dioxide from a binary gas mixture. Results from CO, adsorption capacity measurement using UiO-66 indicate
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that the adsorbent was capable of capturing 1.3611 mmol/g at pressure of 1.5-1.7 bar and flowrate of 300 cm’/min.
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INTRODUCTION

Metal-organic frameworks (MOFs) are hybrid crystalline mate-
rials composed of metal ions or clusters coordinated to organic
ligands to form nanoporous structures [1,2]. MOFs have attracted
wide attention due to their remarkable properties such as control-
lable pore structures and high surface areas which show potential
applications in gas storage, gas separation, chemical sensing, het-
erogeneous catalysis [3-11]. Among the MOFs, UiO-66 has at-
tracted more attention recently due to its unprecedentedly high
thermal and chemical stability. UiO-66 consists of a Zr,O,(OH),
octahedron that is linked 12 times to the adjacent octahedral via a
1,6-benzene-dicarboxylate (BDC) linker to form a highly packed
fec structure. Its dense structure possesses two different types of
pore, octahedral (11 A) and tetrahedral (8 A), accessible through
windows of ca. 6 A [12].

Different MOF synthesis methods have been applied in the last
20 years. Traditionally, MOF has been prepared at room tempera-
ture with extremely long synthesis time to develop its structure.
Alternatively, methods such as conventional electric (CE) heating,
microwave (MW) heating, electrochemistry (EC), mechanochem-
istry (MC), and ultrasonic (US) have been attempted to overcome
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the weakness. Likewise, numerous procedures for the synthesis of
UiO-66 have been reported. Most processes involve solvothermal
synthesis at temperatures of 80-120 °C, typically over 24 hours [13-
20]. In this study; we introduced a rapid solvothermal method which
took only 30 min at 120°C to complete the synthesis and obtain
the UiO-66 particles. We also addressed the effect of varying con-
centration of precursors and reaction temperature on the physical
characteristics of the resulting UiO-66. The UiO-66 sample was
then tested to determine the carbon dioxide (CO,) adsorption capac-
ity and its potential as adsorbent in carbon capture.

EXPERIMENT

1. Solvothermal Synthesis of UiO-66

All chemicals were obtained commercially (Aldrich) and used
without further purification. For typical synthesis, 1.06 g of zirco-
nium (IV) chloride (ZrCl,) and 0.78 g of 1,4 benzenedicarboxylic
acid (BDC) were dissolved separately, each in 30 ml dimethylfor-
mamide (DMF). The product sample prepared with original rec-
ipe (concentration ratio of 1) was denoted as UiO-66 concx1. The
amounts of ZrCl, and BDC were controlled to half (concentra-
tion ratio of 0.5) and double (concentration ratio of 2) of the origi-
nal amount in the same volume of solvent. The two product samples
were denoted as UiO-66 concx0.5 and UiO-66 concx2, respec-
tively. The two solutions were mixed completely after adding 2 ml
of de-ionized water and then the mixture was transferred into a
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Teflon-lined stainless-steel autoclave. The autoclave was placed in
an oil bath at different temperature of 80 °C, 100 °C, 120°C and
140 °C for 30 min. After the solution was cooled to room tempera-
ture in air for 2 h, the resulting UiO-66 particles were separated via
centrifugation and washed several times with ethanol. Finally, the
particles were dried at 70 °C overnight.
2. Characterization

The XRD equipment (M18XHF-SRA, Mac Science, Japan) was
used to identify the crystal phases of UiO-66 samples at narrow
angle between 2° and 40° in 0.05 step size at a scanning rate of 1°/
min using Cu Ko radiation (k=1.5406 A), with accelerating volt-
age and current of 40kV and 40 mA, respectively. The morphol-
ogy and textural details of the samples were observed by a field-
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Fig. 1. Schematic of adsorption column showing (a) position of UiO-
66 sample, (b) breakthrough pressure with time.

emission scanning electron microscope (FE-SEM model Leo-Supra
55, Carl Zeiss STM, Germany). The N, adsorption-desorption iso-
therms at 77 K were measured with a Belsorp-max instrument
(BEL Japan Inc., Japan). The Brunauer-Emmet-Teller (BET) sur-
face area was calculated using the BET model in the linear region
and pore size distributions were calculated using the NLDFT
method.
3. CO, Capture

CO, (99.999%) adsorption was performed using adsorption
equipment as depicted in Fig. 1(a). Approximately, 3.5 g of UiO-66
sample was placed in the middle of the column. The UiO-66 was
sandwiched between glass wool and molecular sieve to prevent
the adsorbent from leaking out of the bed and to remove mois-
ture in the feed gas stream, respectively. The unit is connected to a
gas chromatograph (Agilent 7820A) for gas analysis. In perform-
ing CO, adsorption experiment at room temperature, the flow
rate, initial pressure, adsorption time and final pressure were set at
300 cm’/min, 1.5bar and 5min respectively. During breakthrough
experiment, the pressure was locked at 1.5 bar, but it was gradu-
ally increased to 2.0 bars and then decreased before it finally main-
tained at 1.7 bars (Fig. 1(b)).

RESULTS AND DISCUSSION

Fig. 2 shows XRD patterns of the UiO-66 synthesized at differ-
ent concentration ratios and constant temperature of 120 °C. UiO-
66 concx1 sample synthesized using typical precursor concentra-
tion showed the highest intensity peak, and therefore exhibited the
maximum level of crystallinity, whereas UiO-66 concx0.5 sample
showed the lowest level of crystallinity. UiO-66 concx2 sample
indicated moderate level of crystallinity. The level of concentra-
tion did not seem to follow a specific trend, possibly due to the
synergetic balance of precursors that was needed in the formation
of UiO-66 crystals. In achieving the synergy, the Zr,O,(OH), inner
core that was initially a regular highly packed face-centered cubic
structure was thought to undergo a continuum of truncations into
the finally rectified form of a polyhedron during nucleation and
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Fig. 2. XRD patterns of the UiO-66 synthesized with different pre-
cursor concentration ratio at temperature 120 °C.
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Fig. 3. SEM images of the UiO-66 synthesized at temperature 120 °C with different precursor concentration ratio, (a) 0.5, (b) 1, and (c) 2.

crystal growth. The edges of this polyhedron were then bridged by
the carboxylates originating from the dicarboxylic acid, while Zr
atom was bonded with the ligands through oxygen atom supplied
by the carboxylates.

The FE-SEM images of UiO-66 samples with various precursor
concentrations are shown in Fig. 3. The morphology of the samples
was affected by the ratio of the precursors used. The particle spe-
cies should ideally exhibit a topology of a regular octahedron or
dual polyhedron of a cube which is a rectified tetrahedron. How-
ever, the image of UiO-66 concx0.5 sample observed here hardly
revealed the regular UiO-66 geometry, possibly due to some per-
turbation during the synthesis or incomplete truncation of the parti-
cle species into the final rectified octahedron or a perfectly three-
dimensional cross polytope in the presence of water (since de-ion-
ized water was used during the synthesis). Another factor that
affects the geometry and size of particles is solubility change. The
growth of primary particles in a particulate sol is normally assisted
by a phenomenon where the particles grow and decrease in num-
ber as highly soluble small particles dissolve and re-precipitate on
a less soluble one. For a particle having a negative curvature (radius
of the neck is negative), its solubility is lower than that of the parti-
cle having positive curvature. Therefore, the latter tends to precipi-
tate on the surface of the former, leading to growing of the particlés
neck that strengthens the particle-particle cluster during agglomer-
ation [22]. As observed from the SEM images, it is obvious that
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Fig. 4. Pore size distribution of the UiO-66 synthesized with differ-
ent precursor concentration ratio at temperature 120 °C.
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the particles agglomerated and increased in size as the concentration
ratio was increased from 0.5 to 1.5 due to the solubility change.

The pore size distributions of the samples synthesized with vari-
ous precursor concentrations are shown in Fig. 4. All three sam-
ples exhibited two distinct (bi-modal) mean pore sizes. UiO-66
concx1 exhibited the narrowest distribution and smallest mean
pore sizes of ca 0.60 nm and 1.25 nm, respectively, followed by UiO-
66 concx2 with bi-modal pore sizes of ca 0.65nm and 1.20 nm,
respectively, and UiO-66 concx0.5 with bi-modal pore sizes of ca
0.80 nm and 1.20 nm, respectively. This result is in a good agree-
ment with XRD analysis and SEM results as discussed earlier.

Fig. 5 shows the XRD patterns of UiO-66 concx1 samples pre-
pared at different solvothermal temperatures. The results reveal that
the samples were highly crystalline with the main intensity peaks
(the characteristic of UiO-66) appearing at 26 of 7.4°, 8.5° and
25.5°. In fact, the samples prepared in this work appear to be more
crystalline than the samples reported in the literature, where three
different ligands such as 2-amino-benzenedicarboxylic acid, 2-
nitro-benzenedicarboxylic acid and 2-bromo-benzenedicarboxylic
acid were used to add the functionality [16]. The peak intensity of
the samples increased with increasing synthesis temperature of up
to 120 °C. Although increasing peak intensity is expected at higher
temperature, increasing the synthesis temperature further to 140°C
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Fig. 5. XRD patterns of the UiO-66 synthesized with different tem-
perature at precursor concentration ratio of 1.
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100nm

Fig. 6. SEM images of the UiO-66 synthesized at precursor concentration ratio of 1 with different temperature (a) 80 °C, (b) 100°C, (c) 120°C,

and (d) 140°C.

resulted in more or less similar peak’s intensity with the sample at
120°C.

The morphology of UiO-66 prepared with various synthesis
temperatures is shown in Fig. 6. From the SEM images, the size of
particles increased as the temperature was increased from 80 °C to
140 °C. Moreover, the shape of sample was well formed with increas-
ing synthesis temperature. At high temperature and low pressure
conditions, the solubility of the colloid system typically increases,
thereby facilitating further growth of the particle [21]. For a parti-
cle precursor sol that exhibits a positive curvature, the smaller size
particle has higher solubility and lower density than that of the larger
particle. Therefore, the smaller particle tends to dissolve and pre-
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Fig. 7. Pore size distribution of the UiO-66 synthesized with differ-
ent temperature at precursor concentration ratio of 1.
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Fig. 8. Surface and contour plot of the optimum synthesis condi-
tions of UiO-66 (concentration ratio of 1 and synthesis tem-
perature of 120 °C).
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cipitate on the surface of the larger size particle to form a growing
particle that only ceases to grow when the solubility difference
becomes extremely small [22]. The pore size distribution of the sam-
ples with various synthesis temperatures was measured as shown
in Fig. 7. Although the effect of the temperature on pore size did
not seem to change much from Fig. 4 with respect to bi-modality
of pores, the synthesis temperature at 120 °C gave the most nar-
row pore size distribution, which is consistent with the XRD anal-
ysis on the crystallinity level.

The effect of reaction temperature and precursor concentration
on BET surface areas of UiO-66 was analyzed using the statistical
secondary reaction surface morphology. The optimal reaction condi-
tions were determined according to BET specific surface area of
UiO-66, which is representative of MOF synthesis performance.
UiO-66 with the highest surface areas was synthesized under the
synthesis temperature of 120 °C and original precursor concentra-
tion (ratio of 1). The optimal conditions for the surface area under
the above conditions are shown using surface and contour maps.
As shown in Fig. 8, the optimal synthesis conditions of UiO-66
with various specific surface areas are presented in all ranges.

Fig. 9(a) shows a plot of the ratio C/Co (outlet CO, concentra-
tion/feed CO, concentration) as a function of the adsorption time.
Breakthrough occurred when CO, started to emerge at the exit
bed section at 5% from its feed concentration [23]. The break-
through curve from the figure indicates that the adsorption time
should be taken at 3-5 minutes, and complete saturation (CO, com-
pletely filled up the pores in the bed) was achieved at approximately
10 minutes. Note that UiO-66 sample is close to an ideal situation
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Fig. 9. Dynamics of UiO-66 through (a) breakthrough curve, (b) ad-
sorption cycle.
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with negligible mass-transfer resistance in which there is no axial
dispersion. The closer the breakthrough to the ideal condition, the
more efficient is the mass transfer zone [23]. The figure also com-
pares a horizontally stretched breakthrough curve of Kenaf activated
carbon (AC), which deviates from the ideality and is characterized
by dispersion. Fig. 9(b) shows the decreasing adsorption capacity
when the adsorbent was reused for the following adsorption cycles.
It seems that regeneration of UiO-66 would still be necessary to
maintain the adsorption capacity of the adsorbent and purity of
the product gas. Results from CO, adsorption reveal that UiO-66
sample from this work performed comparatively well with the other
commercialized AC adsorbent in the market with adsorption capac-
ity of 1.311 mmol CO, per gram of UiO-66. However, Zr-MOF
embedded with graphene oxide (GO) [24] and UiO-66 reported
previously which employed a longer solvo-thermal process of 24 h,
immersion time of 5d and vacuumed drying of 48 h [25] outper-
form the current sample with adsorption capacity reaching 3.37
mmol/g and 2.27 mmol/g, respectively. Nevertheless, the previous
samples required an additional compound (GO) and longer syn-
thesis time, respectively, to achieve high CO, adsorption.

CONCLUSION

The UiO-66 prepared using the method proposed in this paper
was found to be favorable for deployment in industry due to short-
ened route of synthesis. The UiO-66 is suitably used as a support
for catalysis and adsorption in the separation application due to its
unprecedented stability and exceptionally high surface area. The
physical properties of UiO-66 can also be engineered by changing
the precursor concentration or reaction temperature. Despite lower
CO, adsorption performance than the previously synthesized and
modified Zr-MOF materials, UiO-66 prepared from this work
performed comparatively well with the other commercialized ad-
sorbent in the market with CO, adsorption capacity of 1.311 mmol/
g. It is expected that the performance would be improved tremen-
dously if UiO-66 were to be embedded with CO, highly affinitive
materials.
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