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ABSTRACT:Atmospheric water capture (AWC) has tremendous potential to address the global shortage of clean drinking water.
The Ni2Cl2(BTDD) metal� organic framework (MOF) has shown optimal water sorption performance under low relative humidity
conditions, but its potentially high production costs, stemming in part from its lengthy multiday synthesis, has hindered widespread
implementation. As with most traditional MOF syntheses, the original synthesis of Ni2Cl2(BTDD) involves batch reactors that have
intrinsic ine� ciencies impacting productivity during scale-up. We report a continuous manufacturing process for Ni2Cl2(BTDD)
that can achieve higher yields, reduced solvent use, and drastically faster crystallization times in comparison to the batch process.
Optimization of the synthesis space in the� ow reactor as a function of residence time, temperature, and solvent volume yields 50%
and 40% reductions in methanol and hydrochloric acid consumption by volume, respectively, with a simultaneous 3-fold increase in
productivity (de� ned in units ofkgMOF m� 3day� 1). A computational� uid dynamics (CFD) model was developed to quantitate
productivity enhancements in the� ow reactor based on improved heat-transfer rates, larger surface-area to volume ratios, and
e� ective residence times. This work adds critical facets to the growing body of research suggesting that the synthesis of MOFs in� ow
reactors o� ers unique opportunities to reduce production costs.
KEYWORDS:Metal� organic frameworks, Continuous� ow chemistry, Synthesis design, Atmospheric water capture, Scale-up

� INTRODUCTION

Most arid and semiarid regions in the world do not have access
to potable water. This problem will worsen due to increasing
global water demand for both personal and industrial use, a
growing global population, and deserti� cation of fertile areas
through overfarming and climate change, eventually leading to
a projected water de� cit of almost 2000 billion m3 by 2030.1,2

In areas with relative humidity (RH) below ca. 30%, water
harvesting relies on capital- and energy-intensive processes,
such as dewing or seawater desalination supplemented with a
complex distribution infrastructure of pipelines.3,4 Atmospheric
water capture (AWC) o� ers an alternative solution given that
the atmosphere holds nearly 1.3× 1016 L of water: a value
representing ca. 0.3% of the global fresh water supply.5,6

However, direct water capture from the atmosphere in areas
with low RH (<30%) in an energy-e� cient manner requires
new sorbent materials. The ideal AWC sorbent material must
have large gravimetric capacities, steep water uptake character-
istics in a narrow RH range, and complete water release with
minimal temperature swings over thousands of cycles.

Metal� organic frameworks (MOFs) ful� ll many, if not all, of
these requirements. MOFs are crystalline coordination lattices
consisting of multitopic organic linkers and inorganic
polynuclear clusters forming highly ordered 2D and 3D
structures.7 One class of MOFs that is attractive for AWC
applications features coordinatively unsaturated open metal
sites that serve as nucleation sites for water adsorption.8

Recently, Dinca� and co-workers9� 11 demonstrated that the
M2Cl2(BTDD) (M = Co, Ni; H2BTDD = bis(1H-1,2,3-
triazolo[4,5-b],[4�,5�-i])dibenzo[1,4]dioxin) family of MOFs,
which feature hexagonal pores decorated with open metal sites,
are particularly well-suited for direct water capture from
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simulated atmosphere. In particular, the Ni analog exhibits an
exceptional gravimetric water uptake capacity of 1.07 g.g� 1 at a
relative humidity (RH) of 35%.

The energy e� ciency of water capture and release from
Ni2Cl2(BTDD) was optimized by matching pore size to the
critical diameter for water capillary condensation and
minimizing adsorption/desorption hysteresis.12,13 While
being more expensive than other sorbents, such as silica gel
and zeolites, MOFs are topologically diverse with tunable
properties, making them ideally suited for water-capture
applications.14

Despite its superior water uptake performance, scale-up of
the manufacturing of Ni2Cl2(BTDD) remains prohibitively
expensive due to long reaction times and large solvent volumes
required for precursor dilution in the reaction mixture. For
example, the synthesis of 1 g of Ni2Cl2(BTDD) requires the
dissolution of 1.808 g of NiCl2·6H2O and 0.912 g of the
organic ligand H2BTDD in a solvent mixture comprising 800
mL of N,N-dimethylformamide (N,N-DMF), 800 mL of
methanol (CH3OH), and 512 mL of aqueous hydrochloric
acid (HCl, 37 wt %), followed by heating at 100°C for 48 h in
a batch reactor to generate crystalline solids with ca. 75% yield.
Slow crystallization times coupled with high solvent-to-solid
ratios severely limit productivity, and this problem is
exacerbated during scale-up due to inherent challenges
associated with increasing the size of batch reactors.15 These
ine� ciencies result in higher costs and considerable capital and
operating expenditures to produce the quantities needed for
industrial AWC applications.16,17 It is therefore imperative to
identify approaches that minimize synthesis costs through
reduced use of solvents, increasing yields, and increasing
process productivity for all MOFs, and for Ni2Cl2(BTDD) in
particular.

The use of� ow chemistry to achieve product intensi� cation
by improving heat and mass transfer, decreasing the use of
solvents, and improving scalability through parallelization has
transformed many disciplines, including polymer chemistry,18

organic synthesis,19� 21 and photochemistry.22 Numerous
studies over the past decade have demonstrated the feasibility

of synthesizing MOFs in� ow;23� 31 however, the in� uence of
synthetic parameters on product crystallinity and scale-up
strategies for high-throughput manufacturing by considering
transport processes have not been explored thoroughly. Here,
we investigate the use of� ow reactors for the accelerated
synthesis of Ni2Cl2(BTDD) under mild solvothermal con-
ditions. Speci� cally, we use a biphasic liquid� liquid slug� ow
pattern to perform continuous microbatch MOF crystallization
that resulting in drastic increases in manufacturing productivity
in comparison to batch processes. Computational� uid
dynamics (CFD) calculations were used to quantitate
productivity enhancements in the� ow reactor based on
improved heat-transfer rates, larger surface-area to volume
ratios, and e� ective residence times. This information was used
to model a scale-up scenario for producing 1 kg of
Ni2Cl2(BTDD) per month, providing estimates for supply
chain logistics and equipment sizing. This work demonstrates
that synthesis in� ow enables the manufacture of MOFs for
AWC with signi� cantly reduced materials costs and increased
productivity compared to batch.

� RESULTS AND DISCUSSION

Continuous MOF crystallization studies were performed in a
� ow reactor shown schematically inFigure 1. The injection
module consists of a syringe pump and a positive displacement
piston pump to introduce the precursor mixture and silicone
oil, respectively. The reactor module is composed of PTFE
tubing held together using an aluminum core and jacket, which
is inserted into an electrically heated furnace allowing for
nearly isothermal operation with fast heat transfer. A back-
pressure regulator maintains the reactor operating pressure at a
value higher than the bubble-point pressure of the reaction
mixture. The MOF precursor mixture is injected into a
continuous stream of silicone oil using a T-junction forming a
segmented biphasic slug� ow. Silicone oil was used because it
preferentially wets the hydrophobic surface of the PTFE
tubing, thereby producing a continuous phase for the MOF
precursor mixture to travel as discrete, uniformly spaced
droplets within the tube. In our� ow reactor, the slug

Figure 1.Schematic for the modular� ow synthesis platform. Inset picture with red boundaries illustrates the phenomenological model of
crystallization using a biphasic slug� ow generated from two immiscible� uids in a T-junction.
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generation process is associated with the dynamic pressure
pro� le existing at the T-junction when two immiscible� uids
are simultaneously introduced in the stream. When the stream
of the� rst phase is� owing through the junction, the� ow of
the second phase is obstructed due to immiscibility of the two
phases, resulting in pressure build up. When the pressure
reaches a critical point, the� rst phase is driven back from the
T-junction shearing o� the droplet into the stream, generating
a slug. This alternated cyclic build-up and release of pressure is
responsible for the segmentation of the liquids allowing
reproducible slug lengths.32,33

Each slug is equivalent to a well-mixed microbatch reactor,
where the interfacial properties between the two phases, such
as surface tension and viscosity, control the shape and� uid
dynamic properties of the droplet. Accordingly, in order to
maintain a stable biphasic slug� ow, the surface tension
between the precursor and continuous phase should be lower
than the surface tension between precursor and walls of reactor
tubing.34 Within each droplet, complete mixing of reagents is
achieved through chaotic advection, where repeated folding
and stretching of� uid layers accelerates di� usive mixing.35,36

Importantly, compartmentalization of the MOF precursor in
microliter volume droplets results in high surface area to
volume (SA/V) ratios, which translates to shorter di� usion
length scales for heat and mass transport processes. The slugs
undergo a step-function change from room temperature to
reaction set-point temperature upon entering the heated
reaction zone. Precise temperature control is critical for
manipulating the kinetics of nucleation, short-range crystalline
ordering, and crystal growth.37 Consequently, the� ow system
a� ords rapid mixing of reagents, near perfect step changes in
temperature pro� les, and precise control of residence times, all
critical elements to accelerate nucleation and crystallization
events.34,38 Flow dynamics of precursor slugs with crystalline
MOF solids at the outlet of the reactor operated at 140°C and
a residence time of 60 min are exempli� ed in Video S1.
Importantly, this� ow reactor setup supports a wide opera-
tional window to control the steady-state evolution of the
product crystallinity by varying reaction conditions, including
residence time (minutes to days) and temperature (up to 250

°C at a working pressure of 25 atm). Additional details
pertaining to� ow reactor components, operational windows,
volumetric� ow rates, and residence times are summarized in
Figures S1, S2 as well as Tables S1, S2 of theSupporting
Information.

Unlike batch reactors that intrinsically operate in a transient
mode,� ow reactors allow studies of the crystallization process
at steady state with precise control over temperature and
residence time.16 These features enable time-resolved crystal-
lization studies in a single experiment run.Figure 2shows a
map of the Ni2Cl2(BTDD) synthesis space where the e� ects of
changing solvent ratio, residence time, and temperature on
product crystallinity were investigated. The relative crystallinity
(RC), determined from a ratio of intensity contributions
originating from the crystalline phase that was calculated using
an iterative background correction method to the total
intensity from the PXRD patterns (Equation S1 and Figure
S3provide additional details), was used to de� ne the amount
of crystalline product per experiment.39 Accordingly, a value of
100% RC corresponded to the highest yield of crystalline
Ni2Cl2(BTDD), a value of >80% RC was classi� ed as
“crystalline”, a value in the 30%� RC � 80% range was
classi� ed as“semi-crystalline”, and RC values <30% were
classi� ed as “amorphous”. Residence time and reaction
temperature were varied in a range of 15� 240 min and
120� 150 °C, respectively, based on synthesis parameters
previously reported in the literature.23� 26,31,40� 42 Optimal
Ni2Cl2(BTDD) crystallinity values were obtained for a reaction
temperature of 140°C and residence times between 30 and 60
min (Figure 2a). Temperatures above 150°C resulted in linker
degradation, while reactions below 120°C failed to crystallize
the MOF in the speci� ed range of residence times. Note that
residence times greater than 240 min were not investigated as
they resulted in a lower process productivity (by a factor of 4
compared to� ow conditions optimized at 60 min), making it
unattractive in comparison to the batch process.

Flow reactors can usually operate at higher concentrations
provided the reagents remain in solution: an advantage in the
current scenario for using a concentrated precursor mixture to
increase productivity while maintaining similar yields.43,44

Figure 2.Map of synthesis space investigated for Ni2Cl2(BTDD) using� ow synthesis varying (a) reaction temperature and residence time and (b)
volumetric ratios of methanol/DMF and HCl/DMF solvents at a� xed temperature of 140°C and 60 min residence time. Labels represent relative
crystallinity in percentages (% RC), which were quanti� ed by the intensity contribution in powder X-ray di� raction (PXRD) patterns originating
from crystalline phase in the samples. The metal/ligand (M/L) molar ratio was maintained at 2.2 in all cases.
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Figure 2b plots the results of varying the volumetric ratio of
solvents (CH3OH and HCl normalized to DMF) at 140°C
with a residence time of 60 min. Solvent composition was
optimized starting from the recipe used in batch (1:1:0.64
volumetric ratio for DMF, CH3OH, and HCl) and lowering
HCl content by 10%, 40%, and 60% and CH3OH by 25% and
50%. Interestingly, the solvent composition used in batch
synthesis (labeled“Batch Optimized” in Figure 2b) resulted in
amorphous residue in� ow synthesis. The highest amount of
crystalline solids in� ow reactor was obtained with a volumetric
ratio of DMF/CH3OH/HCl = 1:0.5:0.38 (labeled“Flow
Optimized” in Figure 2b). These values represent a decrease in
CH3OH and HCl volume by 50% and 40%, respectively,
compared to the optimized batch composition. Additionally,
we performed three batch syntheses at 100, 120, and 140°C
with a crystallization time of 48 h using the“� ow optimized”
starting composition. These results are compared to the
samples synthesized in� ow reactor under optimal conditions
(140 °C, 1 h) using PXRD, N2 adsorption, and water-uptake
measurements (Figure S4 and Table S5). The BET surface
area for batch samples steadily increased from 1795 to 1944
m2·g� 1, as a function of reaction temperature (100 to 140°C),
while the gravimetric water uptake capacity steadily increased
from 0.91 to 0.98 g·g� 1 at 92% RH. The corresponding % RC
values (Table S5) con� rm an increase in crystallinity with
higher temperature for batch samples, while� ow synthesized
samples exhibited the highest crystallinity of all synthetic
conditions. Importantly, no solids are formed in batch
syntheses after 1 h of crystallization. Taken together, these
data demonstrate that the� ow system can access unique
synthetic conditions leading to Ni2Cl2(BTDD) with a higher
surface area and water-uptake, accompanied by a simultaneous
reduction of solvents used and a lower residence time. We
therefore conclude that the� ow synthesis of Ni2Cl2(BTDD) is
advantageous in every aspect compared to batch synthesis.

In deprotonation modulation, the amount of modulator
(HCl) has to be tuned in the reaction mixture based on the
synthesis route and reaction conditions such as temperature
and residence time. Under identical solvothermal conditions,
reduction in the amount of modulator (HCl) accelerates the
MOF formation process thus leading to a product with lower
crystallinity, while an increase in modulator lowers crystal-
lization rates of MOF thereby requiring longer residence times
for crystal growth. Owing to small system dimensions and a
large surface-area to volume ratio in the� ow reactor that leads
to fast heat transfer, the heating pro� les achieved are di� erent
compared to those of the batch reactor which typically sees
large gradients in heat and mass transfer. This is the primary
reason for batch and� ow syntheses exhibiting di� erent optimal
reaction conditions (temperature, time, and composition) to
synthesize crystalline product. The amount of DMF could not
be changed as it was maintained at the solubility limit of the
H2BTDD ligand in the precursor mixture. The metal salt and
the ligand had a molar ratio of 2.2 (to keep a 10%
stoichiometric metal excess) in all synthetic conditions
explored in the design space. The yield obtained in batch
and� ow syntheses were� 75% and� 80%, respectively (Table
S6), and are calculated based on the conversion of the limiting
reagent (H2BTDD ligand) into Ni2Cl2(BTDD). The max-
imum productivity achieved in the batch synthesis was 0.245
kgMOF m� 3day� 1 while � ow synthesis resulted in 0.765kgMOF
m� 3day� 1, representing a 3-fold productivity increase (Table
S7). Flow synthesis productivity slightly decreases to 0.509
kgMOF m� 3day� 1 if we take into account the silicone oil along
with reaction mixture in our calculation. The standard
engineering productivities based on reactor volume rather
than volume of reaction mixture translates to 0.0643kgMOF
m� 3day� 1 for batch and 12.24kgMOF m� 3day� 1 for � ow,
representing 2 orders of magnitude (� 190 times) higher
productivity achieved in� ow (Table S7).

Figure 3.Characterization of Ni2Cl2(BTDD) synthesized at optimal� ow reaction conditions using (a) PXRD patterns, (b) N2 adsorption isotherm
at 77 K, (c) water vapor adsorption isotherm at 298 K, and (d) SEM image.
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Samples synthesized in� ow at optimal reaction conditions
were characterized using powder X-ray di� raction (PXRD), N2
adsorption, scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and water uptake measurements
and were compared with those of samples synthesized in batch.
Figure 3a compares the re� ections from PXRD patterns for
Ni2Cl2(BTDD) synthesized in� ow and batch along with a
simulated pattern from the computational model, con� rming
the single-phase nature of the� ow synthesized microcrystalline
powder sample. The permanent porosity of activated samples
synthesized using batch and� ow method was studied using N2
adsorption isotherms at 77 K (Figure 3b). The activated
samples exhibit a Type IV isotherm, as is expected for
mesoporous materials. To satisfy the� rst criteria of the BET
equation,45 isotherm data was� t to the 0.05� 0.15 P/Po range,
yielding values of 1837 and 2157 m2.g� 1 for batch and� ow
samples, respectively. Water vapor adsorption isotherms were
measured at 298 K for the activated samples (Figure 3c). Both
batch and� ow samples exhibit Type IV isotherms with a steep
uptake step at approximately 0.28 P/Po, which is equivalent to
28% RH. At 92% RH, the total water uptake for batch and� ow
samples is 1.06 and 1.14 g.g� 1, respectively. Ni2Cl2(BTDD)
crystallizes in theR3�m space group (trigonal crystal system)
with an olive green needle-shaped morphology of microcrystals
con� rmed by the SEM image inFigure 3d, identical to
previously reported structure.46,47 Samples synthesized in
batch and� ow are compared inFigure S5using high-
magni� cation SEM images, whileFigures S6 and S7provide
high-resolution TEM images. Synthesis of Ni2Cl2(BTDD) in
� ow maintains similar crystallinity, pore size, and water-uptake
characteristics compared to samples synthesized in batch, while
reducing the volume of solvents used in the precursor mixture
and an overall improvement in process productivity.

Although a large number of studies exist on novel MOF
structures and their potential applications, there is a paucity of
reports on the scale-up of MOF syntheses.40,41,48,49 The key
translation piece for the use of MOFs in revolutionary
technology platforms is the ability to manufacture at desired
scale and purity and satisfy market price requirements.25 The
design of scaled-up� ow reactors as a manufacturing system
involves the appropriate sizing of reactor equipment (such as
pumps, reactor tubing con� guration, heating furnace and
sample collection strategy) and shorter crystallization times by
optimization of synthetic conditions for higher throughput.50

Although parallelization o� ers a simple method of linear
productivity scale-up by increasing the number of reactors, it
requires a complex network of� uid � ow distribution and
control devices.51 Alternatively, throughput can be increased
by enlarging the inner diameter (ID) of the reactor tubing,
which results in quadratic dependence on volumetric� ow rate
(Q � d2). An increase in tube ID by a factor of 4, from 1/16 in.
(0.158 cm) to 1/4 in. (0.635 cm), increases the productivity by
a factor of 16, assuming the yields are constant. However, the
downside to this approach is the reduction in surface-area to
volume ratio (SA/ V � d� 1) of the tubing, which could decrease
the e� ciency of heat transfer processes.33,40,41 From an
operational standpoint, the propensity for hydrodynamic
failure due to clogging of synthesized solids in the tube is
indirectly proportional to the tube ID.17 Accordingly, we
modeled a scale-up scheme by enlarging the tube ID using the
COMSOL Multiphysics platform to compute variation in heat
transfer rates and growth of thermal boundary layers as a
function of tube ID. The reactor is modeled as a 2D

axisymmetric geometry and a coupled heat transfer and� uid
� ow problem is solved under a nonisothermal interface. Axial
temperature pro� les for di� erent tube IDs as a function of the
precursor position from reactor inlet as it traverses the heated
reaction zone are shown inFigure 4a, while gradients in

temperature near the entrance region of reaction zone and
evolution of thermal boundary layers as a function of tube ID
are illustrated inFigure 4b. The variation in heat transfer rates
induces deviation in e� ective residence time (� eff.), which is
de� ned as the ratio of time spent by precursor at set point
temperature in the reaction zone to the desired residence time.
It was found that tube IDs below 3/8 in. have >90%� eff, while
further increasing the tube ID results in poorer heat and mass
transfer characteristics compared to those typically seen in
batch reactor (Figure S10). Thus, owing to short di� usion
length scales and high SA/V for tube IDs below 3/8 in. (0.952
cm), the � uid exhibits a near step-function change in the
temperature from room temperature to the reaction temper-
ature. The reactor tubing was modeled with uniform wall
temperatures to characterize developing thermal boundary
layers radially inward to the tube axis. The boundary layer
thickness increases along the length of the tube and gradually
� lls the entire� ow section. The distance from inlet to the
region of boundary layer convergence is de� ned as thermal
entrance length (LT), beyond which there is no radial gradient

Figure 4.(a) Axial temperature pro� le along the length of reactor
tube plotted against position of the precursor slug from reactor inlet.
(b) Three dimensional (3D) slice plots at the entrance region of� ow
reactor showing both the temperature gradient and the growth of
thermal boundary layers in the heated reaction zone as a function of
tube ID. Outer diameter and tube wall is held at 140°C, and� uid
� ow has linear velocity of 13.4 cm/min to achieve residence time of
60 min (8 m reactor tube length).
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in temperature.52,53 The LT for a 1/16 in. reactor is 2.1 cm,
while a 1 in. reactor has an LT of � 5200 cm: an increase of 3
orders of magnitude when operated at the same reaction
conditions (140°C and 60 min res time). Owing to the small
system dimensions in the case of 1/16 in. (radius of 0.079 cm),
boundary layers quickly developed resulting in fast heat
transfer characteristics and a high� eff. Details on meshing
sequence and modeling parameters are summarized inFigures
S8, S9 and Table S2.

Trade-o� s associated with the enlargement of reactor tubes
for higher production rate while losing the bene� ts of small
system dimensions in the� ow reactor must be judiciously
considered before scale-up of the system. Computation of
MOF production rates and the consumption of reagents with
an increase in the tube ID are important from a standpoint of
logistical planning while operating in a continuous manufactur-
ing environment. A target scenario for synthesizing 1 kg of
Ni2Cl2(BTDD) per month with continuous operation was
evaluated and presented inFigure S11 and Table S3;
additional assumptions are described in section 3 of the
Supporting Information. On the basis of our heat transfer
models, in order to maintain favorable heat and mass transfer
characteristics, the reactor con� guration must have a maximum
ID of 3/8 in.. However, this con� guration can only achieve
� 0.21 kgMOF per month, while the reactor with 1/16 in. ID
used in the current study synthesizes� 0.00587 kgMOF per
month, 2 orders of magnitude lower. A resourceful strategy in
this case would be a combinatorial approach of increasing tube
ID to an extent, where heat transfer characteristics are retained,
and parallelization of such reactor units, ensuring higher
production rates. Estimates presented inFigure S11arequire
using 5 identical reactor units of 3/8 in. ID operated in parallel
to achieve the target production scenario of 1 kg of
Ni2Cl2(BTDD) per month. The traditional batch synthesis
procedure employs a 1000 mL glass bottle, producing 260 mg
of Ni2Cl2(BTDD) from 528 mL of reaction mixture heated at
100°C for 48 h. A scale-up of the synthesis to manufacture 1
kg of Ni2Cl2(BTDD) would involve the usage of ca. 3847
bottles of 1000 mL capacity, each containing ca. 528 mL of
reaction mixture. From an operational standpoint, replacing
3847 bottles of 1 L capacity with one large volume reactor
vessel, for example, a 3500 L vessel with� 58% of its volume
� lled would be ideal; however, it may require reoptimization of
reaction conditions due to their poor translation with change
in batch reactor volume.41 Section 3 inSI provides additional
details on production scenarios. The� exibility and modular
con� guration of� ow reactors opens pathways for cost-e� cient
and industrial scale manufacturing of novel MOFs.

� CONCLUSIONS
An optimized� ow synthesis procedure permits the accelerated
manufacturing of Ni2Cl2(BTDD): a strong candidate for
adsorption-based atmospheric water capture platforms. Process
parameters such as residence time, reaction temperature, and
solvent quantity were optimized by mapping the chemical
synthesis space of Ni2Cl2(BTDD). Ideal synthesis conditions
in � ow resulted in reduced methanol and hydrochloric acid
volumes in the precursor mixture by 50% and 40%,
respectively, while achieving a 3-fold increase in productivity
in comparison to batch synthesis. Trade-o� s associated with
using larger tube sizes on process productivity and
deteriorating heat transfer properties were evaluated using a
CFD model. These results represent a critical advance toward

realizing a sustainable and scalable manufacturing route for
Ni2Cl2(BTDD); they also provide a potential blueprint for the
production of other azolate-based, water-stable MOFs that
may impact atmospheric water generation technologies and
other applications requiring water stability and high porosity.
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