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A comprehensive scale-up procedure for amine-functionalized UiO-66 is implemented, which leads to the development of a
novel flow-through metal-organic framework synthesis process. Products are characterized via BET modeling of N2

adsorption at 77 K and powder XRD to confirm crystal porosity and phase, respectively. Batch syntheses are conducted to
examine the effects of polytetrafluoroethylene and glass vessel materials on crystal yield and quality. Intermediate samples
from sealed-vessel trials at 373, 383, and 393 K are collected and characterized, which show a high degree of product
consistency. Nucleation rates are determined at the same temperatures, and the Arrhenius relationship is used to predict the
activation energy of nucleation, EaNuc. A continuous-flow reactive crystallization process is developed using a draft-tube
type reactor. As a proof of concept, the reactor is operated for three retention times. The cumulative product, material
retained within the crystallizer, and intermediate samples are collected and characterized to confirm UiO-66-NH2

production. VVC 2012 American Institute of Chemical Engineers AIChE J, 59: 1255–1262, 2013
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Introduction

Metal-organic framework (MOF) synthesis and characteri-
zation have increased exponentially in recent years. As a
family of porous-crystalline materials, MOFs provide a mul-
titude of pore geometries, connectivities, and chemical func-
tionalities that can be further tuned by postsynthetic modifi-
cation (PSM). Due in part to the nearly infinite structure
possibilities, MOFs exhibit potential for a plethora of appli-
cations including gas separation and storage,1–5 catalysis,6,7

drug delivery,8–10 and thin film applications.11,12 Amine-
functionalized MOFs including IRMOF-3, DMOF-1-NH2,
and UiO-66-NH2 are of particular importance for many
applications. The amine-functionality proves beneficial for
selective gas adsorption13 and NO delivery14 as well as facil-
itating PSM via anhydride substitution.15,16

The reported water sensitivity of certain MOFs17–20 and
the subsequent concern that MOF performance tends to
decrease under humid conditions has hindered the transition
of these materials to an applied level. However, recent
reports have emerged of materials capable of withstanding
water exposure, including nitrogen-coordinated and highly
coordinated MOFs.13,21–23 In addition to a high degree of
water stability, the amine-functionalized analog of UiO-66 is
expected to exhibit a similar degree of chemical and me-
chanical stability reported for the parent material.24 This will
be highly advantageous not only for harsh environment
applications but filtration applications in general, where the

ability to press pellets of materials with minimal or no
binder required can significantly reduce the pressure drop
across the filter without sacrificing adsorption capacity.

Despite being a viable option for many applications, few
MOFs are currently commercially available.25 Sigma–Aldrich
currently offers four MOFs from BASF: BasoliteVR A100,
C300, F300, and Z1200, which are priced up to $28.75/g.26

With the exception of C300, these MOFs are versions of well-
known structures from the literature: Al MIL-5327 (A100),
HKUST-1,28 or CuBTC (C300), FeBTC (F300), and ZIF-822

(Z1200). ZIF-8 (Z1200) is one of the most well-known chemi-
cally stable MOFs and is reportedly resistant to humid envi-
ronments,29 aqueous solutions,30 as well as heated alkanes
and other organic solvents.22 FeBTC (F300) shows potential
for separation applications,31 but little is reported on the struc-
ture itself, except that it shows amorphous XRD behavior32

with an empirical formula, which is not analogous to C300.31

Two of the commercially available structures demonstrate
some degree of instability during water exposure. Al MIL-53
(A100) has recently been shown to lose crystallinity and sur-
face area upon immersion in deionized water and is reportedly
less chemically stable than the Cr-analog of MIL-53.33 After
solvent removal, HKUST-1 (C300) exhibits Lewis-acid
behavior via open-metal sites, which demonstrate specific
benefits for selective gas adsorption34 but is reported to
degrade in the presence of water vapor.23,29,35

From a current literature review, it is apparent that further
MOF synthesis process development is necessary to decrease
the cost of manufacturing if MOFs are to compete in the ad-
sorbent market, which is valued around $3 billion annually.36

Most current patent literature regarding MOF synthesis
applies to the use of particular ligands or metals to form
families of MOFs. Other patents and patent applications
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cover particular applications of MOFs (e.g., liquid adsorp-
tion,37 CO2 separation,38 and nano-MOFs39). A few others
apply to nonconventional MOF synthesis techniques includ-
ing microwave40 and electrochemical.41,42 However, to the
best of our knowledge, there are no current research articles,
patents, or patent applications covering the synthesis of
MOFs via conventional heating in continuous-flow reactors.
The design and implementation of continuous-flow MOF
synthesis processes will lead to significant cost reduction and
increased material production via reduced down-time.

BASF has made significant contributions to the scale-up
of MOF syntheses by developing two novel methods for syn-
thesizing MOFs41–44 and successfully conducting the ‘‘First
Industrial-Scale MOF Synthesis.’’44 The electrochemical syn-
thesis technique41,42 patented by BASF is reportedly able to
provide a continuous-flow of products via a recirculation
pump with only periodic interruptions to replenish the metal
anode. Alleviated safety concerns are cited as a main benefit
compared to standard solvothermal synthesis techniques.
Specifically, nitrate-containing metal-salts in large quantities
of heated organic solvents pose a significant industrial haz-
ard. However, many other metal-salts are used to synthesize
MOFs. Also, metal anodes can be a less cost effective source
of metal ions compared to their metal-salts analogs. The
‘‘solvent-free’’ synthesis technique43 addresses a prominent
cost and environmental concern of many MOF syntheses by
forming the MOF directly in the organic acid itself, therefore
eliminating the use of large quantities of solvents required
for most solvothermal syntheses, which can be cost prohibi-
tive and require additional waste disposal costs and con-
cerns. However, certain organic ligands are difficult if not
impossible to maintain in a liquid phase (e.g., terephthalic
acid).45 Despite the direct significance of these techniques,
the applicability of any one synthesis method to all MOF
structures is unlikely. Therefore, further development of al-
ternative high-throughput MOF synthesis techniques is of
paramount importance.

As with development of any novel material, to scale up and

optimize a MOF synthesis requires a detailed understanding

of the reaction kinetics as well as the characteristics of the in-

termediate products. Currently, a handful of articles address

the determination of MOF nucleation and crystal growth rates.

Kinetic data for Fe MIL-53 solvothermal syntheses are

reported under conventional oven (CE), ultrasound (US), and

microwave (MW) heating.46 From XRD peak area analysis,

relative crystallinity plots are used to model the crystal growth

and nucleation. They report that nucleation and crystal growth

rates trend as follows; US [ MW [[ CE and exhibit activa-

tion energies (Ea) for the convection oven syntheses of 39.2

and 66.4 kJ/mol for the nucleation and growth rates, respec-

tively. Intermediate products undergo further characterization

via scanning electron microscopy (SEM) and appear to be

more or less uniform. Others have reported kinetic synthesis

results for copper carboxylate structures, HKUST-1 and

MOF-14.47 Modeling of the in situ energy-dispersive X-ray

diffraction (EDXRD) data also provides nucleation and

growth rates for both materials and estimates the nucleation

activation energies to be 71.6 and 113.9 kJ/mol for HKUST-1

and MOF-14, respectively. The higher EaNuc of MOF-14 is

attributed to the interpenetrated structure. The importance of

synthesis time as well as temperature is demonstrated by the

reported degradation of MOF-14 following prolonged expo-

sure to synthesis conditions. Recently, the crystal growth

kinetics have been reported for the water-stable Al-based

MOFs, CAU-1-NH2 and CAU-1-(OH)2.48 The materials were

synthesized under microwave-assisted and standard solvother-

mal methods. Via EDXRD characterization, microwave-

assisted syntheses reportedly decreased the crystal growth Ea

of both materials slightly. Adsorption characterization was

reported for the final CAU-1 products. However, these papers

did not characterize the intermediate materials via adsorption

testing, which can directly indicate performance differences

for specific applications such as gas separation and storage

and may differ vastly from the final product despite XRD con-

gruency. A comprehensive understanding of product quality

over a range of synthesis times is also vital, when considering

the use of traditional flow-through crystallization reactors,

which inherently have some degree of nonuniform residence

time.
This work aims to develop a systematic approach to scale-

up of solvothermal synthesis of UiO-66-NH2 via convection
heating. With the aforementioned benefits of water-stable
and amine-functionalized MOFs, we examine the scalability
of synthesis techniques within sealed vessels as well as the
potential to implement a continuous-flow-through reactor. A
threefold approach is used to gain insight into the optimal
synthesis conditions and process design for this specific
MOF. Glass and polytetrafluoroethylene (PTFE) walled ves-
sels are used to examine nucleation site preferences. A
kinetic study is conducted by collecting and characterizing
intermediate synthesis products at three specific tempera-
tures, and a continuous-flow solvothermal synthesis process
is developed, which incorporates a basic draft-tube type
crystallization reactor. Understanding the crystal growth
behavior of specific MOFs can facilitate coupling with the
well-established field of ‘‘reactive-crystallizers’’49 and pro-
vide more efficient means of commercial MOF production.
We are convinced that similar iterations of this approach
will prove successful for scale-up of other MOF syntheses
and identification of potential pitfalls for crystallization of
specific MOFs.

Experimental

Reactant solution preparation

All chemicals are procured from Sigma–Aldrich and used
without any further purification. Reactant solutions contain-
ing equimolar amounts of zirconium(IV) chloride (ZrCl4)
and amino-terephthalic acid are dissolved in dimethyl form-
amide (DMF) with final concentrations identical to those
reported for the parent material, UiO-66.24 The reactant solu-
tion is stirred for �15 min or until solids are dissolved
before being placed in the chosen vessels.

Reaction vessel geometry and material investigation

To examine the effect of vessel materials and geometries
on UiO-66-NH2 product quantity and quality, solvothermal
syntheses are conducted in sealed borosilicate glass and
PTFE-lined vessels. From visually noted MOF syntheses
trends, vessel material as well as wetted surface area are
expected to affect the total product yield and quality. There-
fore, vessel dimensions are selected to provide a range of wet-
ted surface area to reactant solution volume ratios (SA/V),
and glass and PTFE vessels are chosen to investigate crystal
growth interactions with the representative MOF synthesis
vessel materials. In total, 19 sealed vessels are used including
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5-, 10-, 20-, and 250-mL glass vessels as well as 23-, 46-, and
125-mL PTFE lined vessels.

An aliquot of the reactant solution described earlier is
placed in each vessel, and the solution volume is recorded.
All vessels are sealed, placed in a preheated isothermal con-
vection oven, and reacted simultaneously at 393 K for the
published reaction time of 24 h. After cooling, the resultant
products are collected using filter paper and allowed to air-
dry. The products are then weighed separately to determine a
relative yield (g MOF/Vol. solution) and characterized via
powder XRD (pXRD) to confirm the desired crystal phase.
Brunauer, Emmett, Teller (BET) method modeling of N2

adsorption at 77 K is conducted on the largest scale vessels
for comparison to original synthesis results. This initial por-
tion of the study provides direct insight into the UiO-66-NH2

synthesis scalability and the resultant product characteristics.

Kinetic study

Two experiments are conducted to examine the crystal-
growth reaction kinetics of the solvothermal synthesis. Ten-
milliliter aliquots of the reactant solution are placed in
20-mL glass scintillation vials and arranged in three identical
sand baths. The baths are then placed in separate preheated
convection ovens at 373, 383, and 393 K. Every 4 h a triplet
set of vials are removed from each sand bath and allowed to
cool at ambient temperature. The samples are then trans-
ferred from the vials to 15-mL centrifuge tubes and centri-
fuged using a VanGuard V6500 centrifuge at 3400 � 100
rpm50 for about 10 min. The original solvent, DMF, is deca-
nted and replaced with methanol. The centrifuging, decant-
ing, and solvent exchange process is repeated 2 days later.
The solvent-exchanged samples are allowed to air-dry uni-
formly and then activated in a vacuum oven for �24 h at
373 K. The activated samples are weighed under ambient
conditions to understand the time and temperature depend-
ence of the total product yield. From previous studies of
UiO-66-NH2,23 weighing under lab ambient conditions will
permit significant water vapor adsorption. Therefore, the pre-
sented yields are for relative comparison only. All samples
are then characterized via pXRD, and the initial and final
samples collected at each temperature are characterized by
BET modeling of N2 adsorption at 77 K.

To examine the nucleation rate and its temperature
dependence, syntheses are conducted under identical condi-
tions to those above, but samples are removed every 15 min
before solvent exchange with methanol. Following previously
published procedures,46,47 nucleation rates are determined by
the inverse of the synthesis time needed to produce the first
Bragg XRD peak and plotted as an Arrhenius plot to predict
the activation energy of nucleation, EaNuc.

Continuous-flow reactor design

Stirred-sealed-vessel trials are conducted in a 20-mL scin-
tillation vial, 250-mL glass jar, and 2-L PTFE reactor. All
vessels are filled with an appropriate amount of the afore-
mentioned reactant solution. Both the vial and the jar trials
are conducted at 393 K for �24 h. The 20-mL vial synthesis
utilizes a magnetic stir bar, hot plate with temperature probe,
and sand bath to provide agitation and promote uniform
heating. The glass jar synthesis trial is conducted by immers-
ing the jar in a heated mineral oil bath with temperature
probe. Stirring is accomplished using a magnetic stir bar and
stir plate. The 2-L PTFE reactor is manufactured from a
6-in. PTFE bar, and the stirred-sealed synthesis trial is

conducted with only a pressure-relief valve installed, and no
inlet or outlet. The vessel is filled with �1.8 L of reactant
solution and sealed by clamping between two aluminum
plates. Thermal energy is provided via a drum heater and
manually controlled with a variable power supply. The reac-
tant solution temperature is monitored via infrared tempera-
ture sensor and maintained at 378–398 K for 12 h. Stirring
is accomplished using a large magnetic stir bar and stir
plate. The effects of dynamic synthesis conditions on the
UiO-66-NH2 production are examined via pXRD and BET
modeling of the N2 adsorption.

As final proof of the concept presented in invention
disclosure GTRC ID 5970 (Provisional Patent Application:
61/616,746) illustrated in Figure 1, ‘‘Continuous-flow MOF
crystallization reactor,’’ the inlet and outlet are drilled and
tapped in the 2-L PTFE vessel and a 3-in. concentric PTFE
tube with 1=4-in. holes near the base is added to form a
rudimentary draft-tube baffled (DTB) crystallization reactor.
Due to materials compatibility concerns 1=4-in. perfluoroal-
koxy tubing and tube fittings from Swagelok

VR

are utilized
throughout the process. The aforementioned drum heater and
power supply are again used for heating the continuous-flow
crystallization trial. Stir bar agitation is abandoned for an
overhead mixer and PTFE coated impeller to provide
upward-directed axial flow within the draft-tube with the
intent of selectively recirculating the small crystals and
mother liquor. The temperature is recorded every 5 min via
an Extech EasyView 15 Datalogger connected to a Raytech

VR

CI1A infrared temperature sensor with air-purge collar. The
reaction vessel is filled with �2 L of reactant solution and
heated to 373–393 K for 12 h before flow commences.
Then, the inlet from a glass reactant mixing tank containing
the reactant solution is opened and the flowrate is set to
about 3 mL/min with a calibrated Cole Parmer Masterflex

VR

peristaltic pump equipped with PTFE tubing. Overflow from
the reactor is recycled to the reactant mixing tank as a form
of level control, reactant tank heating, and source of MOF
seed crystals, which may promote a more rapid nucleation
rate. The product flow is also initiated and maintained via an
identical peristaltic pump at �2.8 mL/min to maintain an

Figure 1. Preliminary PFD of the proposed DTB crystal-
lizer-based MOF synthesis process GTRC ID
5907 Provisional Patent Application: 61/
616,746.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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average retention time (s) of �12 h and about 7% overflow
to feed ratio. The total product is collected in a large vessel,
and intermediate samples are collected directly from the
outlet line every 6 h, 0.5s. The synthesis commences under
flowing conditions for 36 h or 3s following the initial ‘‘pri-
ming’’ of the reactor. pXRD patterns are measured for the
total bulk product, intermediate samples, and the product
retained in the DTB crystallizer upon synthesis completion.
Surface area modeling of N2 adsorption at 77 K is reported
for the total bulk product and the UiO-66-NH2 retained
within the crystallizer itself. Further optimization and inter-
mediate product characterization are the subjects of ongoing
research in our group.

Characterization

All powder X-ray diffractograms were collected using a
PANalytical X-ray Diffractometer. For samples less than 100
mg, the MOF sample was suspended in methanol, and a few
drops of the solution were placed on a low-background sam-
ple holder. Larger samples were placed in standard pXRD
trays. Nitrogen adsorption measurements were performed
using a Quadrasorb SI volumetric analyzer manufactured by
Quantachrome Instruments. Adsorption isotherms were

measured at 77 K over the range of relative pressures from
10�6 to 0.995 using high-purity nitrogen of 99.998% from
Airgas, and the amount adsorbed was determined as a func-
tion of the equilibrium pressure. Prior to each adsorption
measurement, the sample was outgassed via a FloVac Degas-
ser for �16 h at 473 K and under dynamic vacuum.

Results and Discussion

Reaction vessel geometry and material investigation

The results of the reaction vessel material investigation
are illustrated in Figure 2. The strong linear correlation
between yield of UiO-66-NH2 and reactant solution volume
(R2 ¼ 0.995) confirms that the crystallization reaction is
directly scalable under the conditions examined, which is a
nontrivial first step in MOF synthesis process design. The
largest sample consists of 200 mL of reactant solution in a
250-mL glass jar, and the smallest sample is 1 mL of solu-
tion in a 5-mL vial. So, scalability is confirmed over more
than two orders of magnitude. Figure 2 also illustrates that
yield is not dependent on vessel material when considering
PTFE and glass vessels. However, this conclusion is drawn
from solely a yield basis and does not demonstrate how the
hydrophobic and hydrophilic behavior of the PTFE and bor-
osilicate glass vessels, respectively, may influence the nucle-
ation and crystal growth mechanics. The reaction vessel ge-
ometry experimental results are illustrated in Figure S1, Sup-
porting Information. The yield of UiO-66-NH2 appears to be
independent of the wetted surface area to reactant solution
volume ratio for both PTFE and glass vessels. Therefore,
nucleation and growth appear to take place primarily in the
reactant solution itself. Increasing vessel volume is appa-
rently the only means for increasing the reaction output for
this specific MOF under the tested batch-style conditions.

Kinetic study

Figure 3a shows the normalized yield of UiO-66-NH2 as a
function of time at 373, 383, and 393 K. The points and
error bars represent the mean and 95% confidence interval of
the triplet samples, respectively. The trials all appear to as-
ymptote to the same maximum of �2.6 g MOF/L solution.
In comparison to the originally published synthesis condi-
tions of the parent UiO-66, which are 393 K for 24 h, we
note a 67% decrease in the reaction time required to reach
the maximum product yield at the same temperature. The

Figure 2. Plot of UiO-66-NH2 yield illustrating direct
proportionality to volume of reactant solu-
tion.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 3. (a) UiO-66-NH2 yield from triplicate samples collected every 4 h at 373, 383, and 393 K; (b) pXRD compar-
ison of 373 K samples.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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24-h original synthesis time was likely chosen for conven-
ience. However, the difference amounts to a significant
increase in throughput from a process vantage point. Figure
3b illustrates the pXRD diffractograms collected for the 393
K synthesis products. Under all temperatures examined and
for all samples collected, we do not note any discernible dif-
ferences in pXRD patterns, which are consistent with those
of the desired product, UiO-66-NH2. Each triplet of samples
is then combined, and further structure confirmation is
accomplished via BET modeling of the N2 adsorption at 77
K. Table 1 shows the resultant BET surface areas of the
initial and final samples at each synthesis temperature, which
are relatively consistent except for the 373 K, 40 h sample,
which is about 15% lower than the final samples at 383 and
393 K. An independent 373 K 40 h trial is generated to con-
firm the lower BET surface area, yielding 867 m2/g, which
is within 1.4% of the first trial. The reduced BET surface
area of the 373 K, 40 h sample may be a result of larger
crystal formation or more tightly packed agglomerates,
which may form under longer synthesis times and reduce the
BET surface area contributions from the geometric proper-
ties of the crystal particles themselves. This reasoning would
be directly congruent with the idea patented by UOP39 con-
cerning the synthesis of MOF nanoparticles with higher
effective surface areas. However, the yield, pXRD, and N2

adsorption results still demonstrate that there are multiple
temperatures and synthesis times capable of producing
UiO-66-NH2 with nearly identical performance characteris-
tics. From a flow-through reactor design viewpoint, this is
highly advantageous and is reportedly not the case for some
MOFs.47

An example of the XRD diffractograms used to identify
the time at which nucleation occurs at 373 K and the result-

ant nucleation rate are shown in Figure 4a. The resultant
Arrhenius plot is produced by comparing the nucleation rates
determined at 373, 383, and 393 K (Figure 4b). The activa-
tion energy of UiO-66-NH2 nucleation (EaNuc) predicted by
the Arrhenius plot is �64.5 kJ/mol. A higher value com-
pared to the EaNuc reported for Fe MIL-53, 39.2 kJ/mol,46

may be indicative of the difference in coordination environ-
ments. UiO-66-NH2 consists of highly coordinated clusters,
which form an eight-coordinated state when hydrated and
seven-coordinated upon dehydroxylation,24,51 requiring a
higher Ea to facilitate nucleation compared to the four-coor-
dinated Fe MIL-53 framework.52 Furthermore, the EaNuc for
UiO-66-NH2 is still significantly lower than that of MOF-14,
which is 113.9 kJ/mol for convection oven synthesis and is
expected to be relatively high as an attribute of the frame-
work interpenetration.47 HKUST-1 EaNuc of 71.6 kJ/mol47 is
within 11% of the value predicted for UiO-66-NH2. The
nucleation rates and predicted EaNuc for UiO-66-NH2 solvo-
thermal synthesis are congruent with reported values for
other MOFs, which not only validate our findings but also
predict that UiO-66-NH2 continuous-flow crystallization may
be representative of a typical MOF crystallization process.
Crystal size distribution, a common figure of merit for crys-
tal growth kinetics, is not examined in this work. From a
fixed-bed adsorption perspective, the ability to press pellets
without affecting the structure24 diminishes the need to con-
trol MOF particle size. Also, UiO-66 crystallites are typi-
cally submicron,24 suggesting that the main dominant mech-
anism is nucleation.

Continuous-flow reactor design

The pXRD comparisons of the stirred-sealed synthesis
trials are presented in Figure 5. From peak position compari-
son, all diffractograms appear to have consistent crystallinity
as UiO-66-NH2. The difference in relative peak heights for
the stirred-PTFE reactor compared to the other trials is
attributed to pXRD sample and sample pan size differences.
More specifically, the 2-L PTFE reactor provides a sample
approximately two orders of magnitude larger than the 20-
mL vial, and a larger XRD sample pan is selected to accu-
rately examine the cumulative sample. BET modeling of the
N2 adsorption at 77 K predicts effective surface areas of
630, 680, and 830 m2/g for the 20-mL vial, 250-mL jar, and

Table 1. BET Surface Areas (m2/g) of UiO-66-NH2 Synthesis
Products at 373, 383, and 393 K

373 K 383 K 393 K

Min. time 1070 (8) 947 (8) 1000 (4)
Max. time 855 (40) 1010 (40) 1010 (28)

BET surface areas (m2/g) from N2 adsorption at 77 K. Min. and Max. times
are the shortest and longest times, respectively, at which an appropriate
amount of product was obtained for adsorption testing. The values given in
parentheses are time taken (in hours) for the respective synthesis.

Figure 4. (a) UiO-66-NH2 pXRD used to determine nucleation rate (393 K); and (b) Arrhenius plot of experimentally
determined nucleation rates.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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2-L PTFE reactor, respectively. The surprising increase of
surface area with increasing reaction vessel volume may be
attributed to more accurate temperature control during the 2
L PTFE trial, in which the solution temperature itself is
monitored with an infrared temperature sensor. The tempera-
tures of the jar and vial trials are monitored by placing the
hot plate probe in the oil and sand baths, respectively,
instead of the actual reactant solution. Fluid dynamics within
the vessel may also influence the stirred-trial product quality.
Assuming the fluid properties themselves are constant for all
three stirred-sealed trials, the Reynolds numbers cover a
12-fold range of values presented in Table S1, Supporting
Information, which will need to be investigated in more
detail to predict any specific relationship between fluid dy-
namics and MOF product quality. However, the trend is in
agreement with the claim of UOP’s patent application39 for
nano-MOF synthesis, which utilizes agitation to decrease
particle size as well as agglomeration and increase the result-
ant effective surface area. The stirred trial BET results are
notably lower than the initial 20-mL vial synthesis conducted
under static conditions. However, we note a similar decrease
in surface area during the characterization of the larger sam-
ples collected during the reaction vessel geometry and mate-
rial investigation. The largest volume sample of the scale-up
synthesis work consists of 200 mL of reactant solution in a
250-mL glass jar, which yields a BET surface area of 810
m2/g. In general, commercially available MOFs do not tend
to have high degrees of precision associated with their BET
surface areas (e.g., C300 from Sigma–Aldrich via BASF is
reported to have BET surface areas from 1500 to 2100 m2/g
or 1800 m2/g � 17%),53 and the benefits of the proposed
flow-through synthesis process may far outweigh any moder-
ate reduction in surface area. Other studies conducted in our
lab (Figure S4, Supporting Information) demonstrate how
differences in BET surface areas of up to 25% for the same
MOF result in very little difference in the adsorption behav-
ior for carbon dioxide, especially at low pressure.

Figure 6 illustrates the pXRD of the bulk product
collected from the continuous-flow synthesis trial as well as
the product retained within the crystallizer following the
synthesis trial. pXRD of the intermediate samples are shown

in Figure S7, Supporting Information, and illustrate peak
position and intensity agreement confirming formation of the
desired product, UiO-66-NH2. The BET surface areas of the
bulk product and product from within the reactor are 530
and 640 m2/g, respectively. Drastic reduction of surface
area, which is a direct measure of product quality for many
MOF applications, may be indicative of insufficient or non-
uniform retention time or significant impurity concentration.
However, we see relatively similar product quality with a
22% loss from the stirred-batch trial in the same reaction
vessel. These novel results directly demonstrate the feasibil-
ity of continuous-flow MOF synthesis. Further optimization
will be conducted in our lab to optimize crystalline-product
yield and quality. However, these results are still of principal
importance to the industrial scale-up of MOFs and subse-
quent transition to potential applications.

Conclusions

In summary, we have developed and implemented a me-
thodical approach to the scale-up synthesis of UiO-66-NH2

and presented initial proof of concept results for a novel
continuous-flow MOF synthesis process, which implements a
flow-through crystallization reactor. During batch-style syn-
theses, we find that crystal yield is directly proportional to
the volume of reactant solution in the vessel and independent
of the wetted surface area to volume ratio. The yield also
shows no preference for PTFE or borosilicate glass vessels.
Collecting intermediate products during the sealed solvother-
mal syntheses at three temperatures illustrates the bulk reac-
tion kinetics. We find that the maximum yield is reached at
all three temperatures, and at the originally published synthe-
sis temperature, we are able to obtain the maximum yield
with a 67% decrease in reaction time. Relatively uniform
product quality is noted from the first collectable product to
the final product and is illustrated via pXRD and BET sur-
face area comparison. The intermediate products are also
characterized via pXRD, and nucleation rates are determined
at each temperature. We find the nucleation rates follow the
Arrhenius equation and predict a EaNuc of 64.5 kJ/mol,

Figure 5. pXRD of stirred-sealed synthesis trials.

Intensities are normalized to account for the differences

in sample and sample pan sizes. [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 6. pXRD of the ‘‘Bulk Product’’ from the flow-
through synthesis trial and the material
retained within the DTB crystallization ‘‘Reac-
tor’’ compared with original UiO-66-NH2

sample.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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which is in the range reported for other MOFs and appears
to be representative of the highly coordinated Zr-MOF struc-
ture. Stirred-synthesis trials are conducted over a 100-fold
range of reaction vessel volumes, and all products are com-
pared via pXRD and BET modeling of the N2 adsorption at
77 K. A novel continuous-flow MOF crystallization process
is reported. Resultant pXRD of intermediate products show
some intensity variance, which is likely attributed to accu-
mulation of crystalline product within the reactor and lower
concentration of MOF in the product stream. However, the
bulk product is in good agreement with the pXRD found for
the original UiO-66-NH2 product, and BET surface area of
the product retained within the reactor is within 22% of the
827 m2/g found for the stirred-batch trial in the same vessel.
Further optimization of the process is necessary to produce a
more consistent concentration of MOF product. However,
the importance of the novel crystallization method cannot be
overstated. The reduction in down-time and increased
throughput can directly aid in the transition of MOFs from
the lab to an applied level.
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