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ABSTRACT: Covalent organic frameworks (COFs) are typically
prepared in the form of insoluble microcrystalline powders using
batch solvothermal reactions that are energy-intensive and require
long annealing periods (>120 °C, >72 h). Thus, their wide-scale
adoption in a variety of potential applications is impeded by
complications related to synthesis, upscaling, and processing, which
also compromise their commercialization. Here we report a strategy
to address both the need for scalable synthesis and processing
approaches through the continuous, accelerated synthesis, and
processing of imine- and hydrazone-linked COFs using a flow
microreactor. The flow microreactor is capable of unprecedented
COF productivities, up to 61,111 kg m—3 day—1, and provides
control over key stages of COF formation, including nanoparticle
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growth, self-assembly, and precipitation. Additionally, the technique successfully yields highly crystalline and porous COFs in
versatile macroscopic structures such as monoliths, membranes, prints, and packed beds. We also show that a COF synthesized using
the flow microreactor acts as an excellent photocatalyst for the photocatalytic degradation of perfluorooctanoic acid (PFOA)
outperforming the degradation efficiency of its batch analogue and other classical photocatalysts such as titanium dioxide (TiO»).

KEYWORDS: covalent organic frameworks, flow synthesis, processing, membranes, monoliths, prints, photocatalysis, photodegradation,

perfluorooctanoic acid

I INTRODUCTION

Covalent organic frameworks (COFs) are crystalline porous
materials made by stitching organic molecules through robust
covalent bonds.! Unlike amorphous polymeric counterparts,
COFs possess 2D or 3D long-range architectures determined by
their monomeric topological diagrams.2 Owing to their
modularity and tunability, COFs have emerged as attractive
candidates for various applications, including gas storage,’
photocatalysis,*> separation,® and sensing.” While significant
progress has been made in the development of new COF
chemistries, linkages, and functionalities, several challenges still
hinder their wide-scale commercialization and industrializa-
tion.8~11 This includes challenges associated with their syn-
thesis,'? upscaling,'® and processing'* to device-compatible
formats.' COFs are typically synthesized as microcrystalline
powders in a batch process known as the solvothermal route,?
which requires sealed pressurized tubes, elevated temperatures
(120-200 °C), and long annealing periods (2—7 days).!>
Additionally, this general batch synthesis route produces limited
quantities of material per reaction requiring multiple batch
processes for scaleup.®'> Moreover, the resulting unprocessable
powder makes it difficult to obtain device-compatible formats
for application testing. These challenges translate to higher costs
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and more difficult quality control of the final COF product.
Thus, there is a growing demand for alternative, scalable
synthesis approaches to processable COFs.13

Flow chemistry, which involves the use of microreactors or
other flow reactors, is an attractive route for the preparation of
porous crystalline materials. These flow systems offer a high
surface-area-to-volume ratio, providing numerous advantages
over traditional batch synthesis.'® These advantages include
precise control of reaction conditions, high mixing efficiency,
ease of scale-up, improved heat and mass transfer, and safer
handling of hazardous materials.'® Table S1 shows a
comparative summary on the advantages, limitations, and
challenges of batch and flow techniques toward COF synthesis.
Kobayashi and coworkers categorized continuous flow systems
into several types (Type I-Type IV) based on the handling of
reagents and catalysts."” In Type I systems, reagents pass

EBAPPLIED w41

Received: June 10, 2024
Revised: August 28, 2024
Accepted: September 10, 2024
Published: September 18, 2024

ACS Appl. Mater. Interfaces 2024, 16, 55206—55217


https://pubs.acs.org/doi/10.1021/acsami.4c09577?ref=pdf
http://www.acsami.org/?ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Safiya%2BKhalil%22&field2=AllField&text2&publication&accessType=allContent&Earliest&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Abdullah%2BAlazmi%22&field2=AllField&text2&publication&accessType=allContent&Earliest&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Guanhui%2BGao%22&field2=AllField&text2&publication&accessType=allContent&Earliest&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Cecilia%2BMarti%CC%81nez-Jime%CC%81nez%22&field2=AllField&text2&publication&accessType=allContent&Earliest&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Ravindra%2BSaxena%22&field2=AllField&text2&publication&accessType=allContent&Earliest&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Yu%2BChen%22&field2=AllField&text2&publication&accessType=allContent&Earliest&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Shu-Yan%2BJiang%22&field2=AllField&text2&publication&accessType=allContent&Earliest&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Shu-Yan%2BJiang%22&field2=AllField&text2&publication&accessType=allContent&Earliest&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Jianhua%2BLi%22&field2=AllField&text2&publication&accessType=allContent&Earliest&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Salma%2BAlhashim%22&field2=AllField&text2&publication&accessType=allContent&Earliest&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Thomas%2BP.%2BSenftle%22&field2=AllField&text2&publication&accessType=allContent&Earliest&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Angel%2BA.%2BMarti%CC%81%22&field2=AllField&text2&publication&accessType=allContent&Earliest&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Rafael%2BVerduzco%22&field2=AllField&text2&publication&accessType=allContent&Earliest&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c09577?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c09577?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c09577?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c09577/suppl_file/am4c09577_si_001.pdf
https://www.acsami.org/?ref=pdf
https://www.acsami.org/?ref=pdf
https://www.acsami.org/?ref=pdf
https://www.acsami.org/?ref=pdf
https://www.acsami.org/?ref=pdf
https://www.acsami.org/?ref=pdf
https://www.acsami.org/?ref=pdf
https://www.acsami.org/?ref=pdf
https://www.acsami.org/?ref=pdf
https://www.acsami.org/?ref=pdf
https://www.acsami.org/?ref=pdf
https://www.acsami.org/?ref=pdf
https://www.acsami.org/?ref=pdf
https://www.acsami.org/?ref=pdf
https://www.acsami.org/?ref=pdf
https://www.acsami.org/?ref=pdf
https://www.acsami.org/?ref=pdf
https://www.acsami.org/?ref=pdf
https://www.acsami.org/?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c09577?fig=agr1&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.4c09577&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c09577?ref=pdf
https://pubs.acs.org/toc/aamick/16/41?ref=pdf
https://pubs.acs.org/toc/aamick/16/41?ref=pdf

https://doi.org/10.1021/acsami.4c09577
© 2024 American Chemical Society

< ACS Publications

55206 ACS Appl. Mater. Interfaces 2024, 16, 55206—55217


https://doi.org/10.1021/acsami.4c09577?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/?ref=pdf

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

TAPB ODA
®
g i'oﬁOH
HO
0

Precursor 1: amine — dicarboxylic acid

Precursor 2: Aldehyde

PDA TAPB-PDA
£
¢ E G
4 microreactor affee afe
synthesis %ﬁ&
=

in DMAc/water in DMAc
@ R Print
Nanoparticle L P
THF co-solvent o) fom-f)aﬁon é
"‘ = Precursor mixing 3 L
= .
TAPB-ODA g Owl Print
1 Co-solvent mixing 8
¢ \P‘ i | 3
r Q1 L 2 :
b= g ' ® J
— g
PDA e \ B
L ™ Membranes
Precursor Nanoparticle | &
heating growth Precipitation N 8
"ﬁ;*( :ZT: A AR
Y 600008 e teed
L AN et
4 5 p F AAAAA ettt Packed bed
&‘&:}ﬁ,&}, B9800 0 LEEEL
&% '35 3% YYYY s sssam

Figure 1. Overview of flow microreactor for the continuous high throughput synthesis and processing of a prototypical imine-linked COF. Top: amine
and aldehyde precursor solutions used for flow synthesis of FrCOF-1. Bottom: schematic of microreactor modules and reaction setup. The red and
blue dashed boxes indicate the microY mixers at 90 °C and room temperature, respectively. The numbers 16 illustrate the evolution of precursors
injected into the microreactor to final COF bulk samples sequentially across the reactor modules. Right: controlled precipitation of FrCOF-1 to various

macroscopic formats.

through a column or hollow loop where reactions occur without
the separation of unreacted materials or byproducts in the
absence of a catalyst. Type II systems operate without a catalyst
and involve supporting one reagent in a column, which requires
replacement once the substrate is depleted. Type III systems
utilize a homogeneous catalyst, facilitating smooth reactions
between reagents. Type IV systems employ a heterogeneous
catalyst, eliminating the need for separation if catalysis proceeds
efficiently. While numerous reports have demonstrated the
successful flow synthesis of crystalline and porous materials like
zeolites!®18 and metal —organic frameworks (MOFs)!6.19-21
using Type Il flow systems, their application to COF
production has not been extensively explored due to a
combination of challenges associated with the nature of COF
synthesis.!® First, transitioning to continuous flow synthesis of
COFs is not merely a matter of switching reactors and
replicating batch conditions, as has been reported in previous
studies on the flow synthesis of MOFs.'® This is because the
formation mechanisms of these materials are complex and vary
based on the COF linkage. Second, COFs are linked by strong
covalent bonds, and their reactions tend to be less reversible
than those involving other porous materials such as MOFs.??
Consequently, they often require long annealing periods and
high temperatures, while flow chemistry is designed for rapid
reactions with faster kinetics. Lastly, COF particles tend to
aggregate and precipitate uncontrollably during synthesis.!®
This can potentially block the flow reactor tubing, disrupt
precursor molar ratios, and prevent the formation of uniform
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structures, making the flow synthesis route less feasible. Thus,
translating COF synthesis from batch to flow synthesis requires
optimization of many conditions that could potentially
accelerate reaction kinetics in flow while avoiding particle
aggregation. This involves screening temperatures, residence
times, precursor flow rates, and concentrations under homoge-
neous reaction conditions.

The number of reports on the continuous flow synthesis of
COFs, which encompasses both droplet-based approaches and
continuous flow methods based on coflowing streams, remains
limited. Unlike droplet-based synthesis methods, continuous
flow synthesis under laminar conditions enables the mixing of
precursor solutions solely via molecular diffusion, which
promotes control over self-assembly events due to the controlled
reaction-diffusion processes.!® One of the earliest examples of
flow synthesis of COFs was reported by Puigmarti-Luis and
coworkers, where they synthesized TAPB-BTCA imine-linked
COF utilizing a four-inlet polydimethylsiloxane (PDMS)
reactor operating at a very low Reynolds number.”? Another
approach, highlighted by Zhao and his team, demonstrated the
continuous room-temperature synthesis of COF-LZU1 in
polytetrafluoroethylene (PTFE) tubing.* They achieved a
substantial production rate of 41 mg h=', with a space-time yield
(STY) of 703 kg m~=3 day~". Despite their success, both methods
were only successful for a single COF chemistry, indicating the
processes’ specificity and the need for the monomers to be
soluble in the solvent system. Additionally, it remained
challenging to obtain films and bulk samples continuously in

https://doi.org/10.1021/acsami.4c09577
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flow. Dichtel and coworkers demonstrated the utility of a
continuous flow approach to grow boronate ester-linked COF
films on surfaces inside quartz crystal microbalance.”> However,
this approach does not offer shape control of the sample, limiting
processing to film configurations only. Although some progress
has been made in obtaining film samples of boronate ester-
linked COFs using flow systems, a corresponding advancement
has not been accomplished for imine-linked COFs, which offer
enhanced hydrolytic stability compared to their boronate ester-
linked counterparts. This underscores a vital area for future
research focused on developing methods to synthesize and
process imine-linked COFs into bulk samples using flow
synthesis systems.

Herein, we present a strategy for the continuous, accelerated
synthesis and processing of imine- and hydrazone-linked COFs
in a multistreamflow microreactor. The flow reactor modules are
engineered to maintain control over key stages of COF
formation including nanoparticle formation, growth, self-
assembly, and precipitation. We demonstrate that this approach
facilitates the processing of COFs to highly crystalline
macroscopic structures such as monoliths, membranes, packed
beds, and prints. Our flow synthesis microreactor enables the
continuous production of a series of highly crystalline and
porous imine- and hydrazone-linked COFs, with record
productivities up to 61,111 kg m=2 day~'. To determine the
practical applicability of our methodology, we evaluated the
performance of the FrCOF-4 “TAPT-DHTA” photocatalyst and
its batch-synthesized analogue in the adsorption and photo-
catalytic degradation of PFOA. We found that FrCOF-4 is
capable of adsorbing and degrading PFOA at room temperature
and under mild conditions, outperforming the degradation
efficiency of its batch-synthesized analogue and classical
photocatalysts such as TiO». This work demonstrates the
scalable production and processing of crystalline COF products,
which can further promote their commercialization and
industrialization.

I EXPERIMENTAL SECTION

Microreactor Flow Synthesis of FrCOF-1—FrCOF-5. All FrCOF-
1 to FrCOF-5 (Fr: Flow reactor) samples were synthesized using our
microreactor flow synthesis strategy. FrCOF-1 was prepared by the
condensation of 1,3,5-tris(4-aminophenyl)benzene (TAPB) with
terephthalaldehyde (PDA) to form TAPB-PDA COF. FrCOF-2 was
synthesized by the condensation of TAPB with 25-diethenyl-1,4-
benzenedicarboxaldehyde (PDA-V) to yield TAPB-PDA-V COF.
FrCOF-3 was produced by the condensation of TAPB with 2,5-
dimethoxybenzene-1,4-dicarboxaldehyde (PDA-OMe) to create
TAPB-PDA-OMe COF. FrCOF-4 was obtained through the
condensation of 4,4',4"-(1,3,5-Triazine-2,4,6-triyl)trianiline (TAPT)
with 2,5-dihydroxyterephthalaldehyde (DHTA) to form TAPT-DHTA
COF. Finally, FrCOF-5 was prepared by the condensation of 2,5-
diethoxyterephthalohydrazide (DETH) with 1,3,5-tris(4-
formylphenyl)benzene (TFB) to form DETH-TFB COF. All samples
were synthesized as bulk monolithic samples with yields ranging from
93 to 95%. After purification and drying, the structural properties of
each sample were studied. For the FrCOF-4 photocatalyst, the
structural, morphological, photoelectrochemical, and optoelectronic
properties were assessed, before it was applied for PFOA adsorption
and photocatalytic degradation.

I RESULTS AND DISCUSSION

Continuous Flow Synthesis of a Prototypical COF. Our
microreactor flow synthesis strategy is systematically illustrated
in Figure 1 using TAPB and PDA as building blocks for the
synthesis of TAPB-PDA, referred to as FrCOF-1 (Fr: Flow

reactor), which serves as a prototypical imine-linked COF. The
microreactor consists of three distinct modules: injection,
reaction, and shape processing (see Figure S1 for details on
modules and their respective components). These modules are
assembled to control the key stages of COF formation including
COF nanoparticle formation, growth, self-assembly, and
precipitation (Figure 1). First, the injection module introduces
precursor solutions and solvents at precisely controlled
volumetric flow rates. The solutions then proceed to the reactor
module, which enables the formation and growth of COF
nanoparticles while preventing precipitation and aggregation.
Finally, the process transitions to the shape processing module,
which facilitates the self-assembly and processing of COF
nanoparticles into desired physical formats, including mem-
branes, prints, and packed beds.

The injection module utilizes a syringe pump to introduce
precursor solutions into 1/16-in. inner diameter PTFE tubing at
the desired stoichiometry. In the configuration shown in Figure
1, precursor 1 (“TAPB-ODA”) is a solution of TAPB and
diglycolic acid (ODA) dissolved in dimethylacetamide (DMAc)
and water, while precursor 2 (“PDA”) is a solution of PDA in
DMAc. Each precursor is injected into a separate PTFE tube.
These tubes are immersed in an oil bath at 90 °C, rapidly heating
the precursor solutions to 90 °C. Subsequently, the preheated
precursors proceed to the reactor module where they are mixed
by a polyetheretherketone (PEEK) microY mixer also immersed
in the oil bath at 90 °C (see the red dashed box in Figure 1). The
mixer ensures thorough mixing of the precursor streams and
initiates the reaction, producing an outlet stream at 90 °C. The
COF formation process occurs in a microtubular reactor
maintained at a consistent temperature of 90 °C. Upon exiting
the oil bath, the COF nanoparticle stream is quenched by
injecting tetrahydrofuran (THF) cosolvent and mixing both
streams in another microY-mixer at room temperature (see the
blue dashed box in Figure 1). The nanoparticle suspension then
proceeds through a predefined length of tubing at room
temperature, promoting their growth without precipitation or
gelation. The COF nanoparticles stream subsequently enters the
shape processing module, where the nanoparticles are
continuously precipitated in a hexane bath. This controlled
precipitation step allows for the processing of COF nano-
particles into bulk samples of desirable shape and size
continuously within the flow reactor scheme. The detailed
procedures for obtaining these various macroscopic formats can
be found in Note SI and Table S2. The bulk samples were first
soaked in hexane overnight, then washed using THF and
ethanol, followed by supercritical carbon dioxide (ScCO»)
drying to yield FrCOF-1 monoliths, membranes, and prints
(Figure 1). Details on the flow reactor components and PTFE
tubing lengths in the different reactor modules are provided in
the Figure S1 and Table S3. The key differences between our
microreactor strategy and previously reported flow synthesis
methods for COFs and MOFs are summarized in Note 52 and
Table S4.

To promote the self-assembly of COF nanoparticles and
enhance product crystallinity, we incorporated ODA as a
catalyst in the flow microreactor. In a previous study, we
compared the batch synthesis process with and without ODA to
illustrate its impact on the synthesis process and the properties
of the resulting COFs.?* We found that samples made using
acetic acid (AcOH) as a catalyst exhibited poor crystallinity
compared to those synthesized with ODA. Further investigation
showed that the COF amine monomer and ODA underwent a

https://doi.org/10.1021/acsami.4c09577
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Figure 2. Effect of residence time and concentration on the prototypical FrCOF-1 (“TAPB-PDA”) synthesized by microreactor. (a) PXRD patterns show
full crystallinity regardless of operating flow rate. (b) N2 adsorption isotherms showing increasing porosity at shorter residence times. (c) Total pore
volumes increase with reducing residence time. (d) fwhm (black) decreases and STY (mint) increases for higher flow rates. TEM and HRTEM
images with fast Fourier Transforms (FFT) for FrCOF-1 synthesized at inlet precursor flow rates of (e,j) 0.25 mL min-1, (fk) 1 mL min-1, (g,1) 2 mL
min-?, (h,m) 3 mL min-%, and (i,n) 3 mL min-? (1/2 concentration), respectively. The scale bar of all FFTs is 10 nm~1.

self-assembly process in DMAc solvent. The amine-ODA system
in DMAc exhibited a thermoreversible solution-to-gel transition,
indicating the formation of supramolecular organic gels at room
temperature. In contrast, the TAPB- AcOH system in DMAc did
not gel at room temperature. This self-assembly process
involving amine-ODA in DMAc enhances the final crystallinity
of imine COFs synthesized with ODA. We also compared the
rate of growth of COF nanoparticles as they cooled to room
temperature using dynamic light scattering (DLS) technique.

Our findings demonstrated that ODA significantly enhanced the
growth rate of COF nanoparticles compared to AcOH.

To prevent precipitation in the flow microreactor, we
implemented a solvent polarity engineering strategy across the
flow reactor modules. In a previous study, we reported
homogeneous conditions that achieved a stable suspension of
COF nanoparticles, free of aggregation or precipitation, at
temperatures of 80 °C or higher.? This produced a COF gel
upon cooling to room temperature. As previously demonstrated

https://doi.org/10.1021/acsami.4c09577
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using dynamic light scattering (DLS) measurements, under
these conditions, COF crystallites grow and remain in solution
at elevated temperatures. A similar approach, combined with the
solvent polarity engineering strategy, was implemented in the
continuous flow microreactor to avoid gelation of nanoparticles
as they cool to room temperature, thereby facilitating their shape
processing into desired macroscopic formats. First, separate
solutions of ODA and TAPB were blended with PDA at 90 °C to
initiate COF synthesis. In the hot reaction zone, the mixture
initially had a polarity index of approximately 6.57 (see Table S5
for polarity indices of solvent systems). Next, THF was injected
as a stabilizing cosolvent, cooling down the hot stream of COF
nanoparticles suspension to room temperature while preventing
precipitation. This was executed ina 1/1 v/v ratio into the COF
nanoparticles stream, resulting in a drop of the mixture polarity
index to around 5.25 in the cold reaction zone. This reduction
affects the rate of COF nanoparticle formation and suppresses
the gelation process at room temperature. DLS analysis further
supports this, showing that using THF as a cosolvent stabilizes
the resultant mixture during the growth process, avoiding
nanoparticle aggregation or gelation even at room temperature
(Figures S2 and S3).
We characterized the crystallinity, porosity, and morphology
of FrCOF-1 synthesized using the flow reactor with varying
residence times, which were controlled by adjusting the rate of
precursor solution injection (0.25 mL min~" to 10 mL min-1)
with an automated syringe pump. The total residence time is
defined as time taken from the precursor mixer stage to the
precipitation stage which varied from approximately 0.2 to 7
min. More details on total residence time estimation including
hot and cold reaction zones are provided in Table S6. For these
tests, we used our benchmark homogeneous batch reaction
conditions as a reference point, with an initial precursor molar
concentration of 0.667 mmol of TAPB and 1 mmol of ODA in
DMAc/water mixture (5.6 mL/1.4 mL) and 1 mmol of PDA in
DMAc (7 mL), and we produced solid COF monolith samples.
The formation of FrCOF-1 at various residence times was
confirmed using Fourier transform infrared (FTIR) spectros-
copy and powder X-ray diffraction (PXRD). FTIR analysis of
FrCOF-1 confirmed the successful formation of the imine bond
(CCN) with a stretching band observed at ~1617 cm~! (Figure
S4). While all FrCOF-1 IR spectra displayed a complete absence
of amino groups, weak carbonyl (C[1O) group vibrations
(~1685 cm~1) were present. This suggests a complete reaction
occurred between monomeric units in the microreactor, with
some unreacted groups remaining within the COF nanosheets.
The PXRD patterns of FrCOF-1 prepared at various residence
times showed excellent crystallinity and matched the simulated
pattern of TAPB-PDA imine COF (Figure 2a). The monolithic
COF samples showed diffraction peaks at 2.8°,4.9°, 5.6°, and

7.5" attributed to the (100), (110), (200), and (210) planes,
respectively.

The permanent porosity of FrCOF-1 bulk monolithic samples
was evaluated using nitrogen adsorption isotherms measured at
77 K and 1 atm (Figure 2b). Detailed procedures for sample
preparation for nitrogen sorption measurements are available in
Supplementary Methods 1.2.4. The calculated Brunauer—
Emmett—Teller (BET) surface areas of FrCOF-1 monolithic
samples increased as the residence time in the flow reactor
decreased, reaching up to 2262 m? g—' at a residence time of 0.58
min (Figure 2b). This BET surface area at a residence time of
0.58 min approaches the theoretical Connolly surface area of
TAPB-PDA COF, which is 2600 m? g-1.2 Simultaneously, the

total pore volume also increased as the residence time in the flow
reactor decreased, peaking at 1.8 cm® g-! (Figure 2c).
Additionally, we observed that the full-width-at-half-maximum
(fwhm) of the (100) peak in the PXRD patterns of FrCOF-1
decreased as the residence time shortened (Figure 2d). At
shorter residence times, there is less time for crystal growth,
leading to the formation of smaller COF nanosheets. These
smaller nanosheets likely stack more easily, forming more
ordered crystallites and resulting in a sharper 100 Bragg
reflection, corresponding to a lower fwhm. The formation of
well-stacked 2D COF material with more accessible voids at
shorter residence times likely accounts for the observed increase
in BET surface area as the residence time decreases.

The overall efficiency of the microreactor in producing
FrCOF-1 was quantified by estimating the space-time yield
(STY), which is defined as the mass of COF product (kg) per
unit reactor volume (m?) per unit time (days of synthesis) (see
Note S7 for STY estimation). We examined various factors that
influence the STY of FrCOF-1, such as the inlet precursor flow
rate and precursor concentration (Table S7). Our analysis of
Table S7 reveals that increasing the inlet precursor flow rate
enhances STY, whereas lowering the precursor concentration
reduces STY. Among the conditions tested, operating the flow
reactor at a reduced residence time of 0.58 min (inlet precursor
flow rate of 3 mL min~") yielded crystalline FrCOF-1 at a high
STY of 49,471 kg m~3 day~! (Figure 2d). Achieving such a high
STY in the microreactor is crucial for maximizing COF
production rates while minimizing reactor volume, thereby
promoting industrial scalability and cost-effectiveness.

We also investigated the effect of operating the reactor at a
very low residence time of 0.17 min (inlet precursor flow rate 10
mL min—") on the formation of FrCOF-1. PXRD analysis of the
sample formed under these conditions confirmed the successful
formation of crystalline FrCOF-1, even at such a low residence
time (Figure S6). This analysis showed that the material retained
its crystalline structure at a significantly improved STY of
125,324 kg m=3 day~! (Table S7). Thermogravimetric analysis
(TGA) provided evidence of the thermal stability of FrCOF-1
synthesized at very short residence times (Figure S5). However,
the sample exhibited a lower BET surface area (1000 m2 g-?) as
confirmed by N» sorption analysis (Figure 57). Additionally,
analysis of pore size distribution revealed a smaller pore volume
(~0.6 cm? g1, Figure S8). These findings suggest that the
observed increase in STY at a residence time of 0.17 min or
lower results in a reduced surface area of the synthesized sample.
Therefore, there is a trade-off between the production rate and
the COF crystallinity at very short residence times.

We further investigated the effect of residence time while
maintaining consistent fluid dynamics on the formation of
FrCOF-1. This was accomplished by keeping the flow rate
constant (inlet precursor flow rate of 1 mL min!) and varying
the tubing length. The total residence time, defined as the
duration from the precursor mixing stage to the precipitation
stage, was adjusted from approximately 1.7 to 8.5 min.
Additional details regarding the estimation of total residence
time, including the hot and cold reaction zones as well as the
tubing lengths of the reactor, are provided in Tables S8 and S9,
respectively. FTIR analysis confirmed the successful formation
of the imine bond (C[IN) with a characteristic stretching band at
approximately 1617 cm~" observed consistently across both
conditions (Figure S9). Further characterization through TGA
analysis verified the thermal stability of FrCOF-1 at both shorter
and extended residence times (Figure 510). Notably, PXRD
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analysis revealed that operating at a higher residence time (7 =
8.5 min) yields more crystalline FrCOF-1 (Figure S11), as
evidenced by a lower fwhm of the (100) peak (fwhm = 0.26).
Moreover, the sample demonstrated a higher BET surface area
of 1808 m? g1 as confirmed by N> sorption analysis (Figure
512), and pore size distribution analysis highlighted a substantial
pore volume (~3 cm? g1, Figure 513). However, the STY at a
higher residence time (7 = 8.5 min) dropped to 1,790 kg m~3
day~?, compared to 18,096 kg m~3 day~! at a shorter residence
time (7 = 1.7 min, see Table S7). These findings illustrate that
extending the residence time in the reactor, while keeping fluid
dynamics stable, allows more time for crystal growth, thereby
enhancing the crystallinity and porosity of the COF. However,
this benefit comes with a trade-off in the production rate at
longer residence times.

We further examined the effect of precursor concentration on
the formation of FrCOF-1. PXRD analysis confirmed that even at
a lower precursor concentration (0.33 mmol of TAPB and 0.5
mmol of ODA in DMAc/water mixture (5.6 mL/1.4 mL) and
0.5 mmol of PDA in DMAc (7 mL)), a highly crystalline
FrCOF-1 could be formed (Figure S14). However, N, sorption
analysis (Figure S15) revealed a decreased BET surface area
(1445 m? g-1) and smaller pore volume (approximately 0.8 cm?
g1, Figure 516). Additionally, operating at a lower concen-
tration resulted in a large drop in STY to 12,609 kg m—3 day~!
compared to 49,471 kg m~3 day—" at a higher precursor molar
concentration for the same inlet precursor operational flow rate
(3 mL min~1, Figure S17 and Table S7).

We studied the effect of alternative stabilizing cosolvents on
the crystallinity of COFs using our microreactor flow synthesis
strategy. Previous studies have reported the role of nitrile
cosolvents as stabilizing agents in the synthesis of boronate
ester- and imine-linked COFs.2%3 Therefore, we explored the
impact of acetonitrile (MeCN) as an alternative cosolvent to
THF (at a precursor inlet flow rate of 3 mL min~1). See Note S8
for experimental details. The microreactor performed efficiently
without any clogging issues over a residence time of 1.7 min, and
a FrCOF-1 monolith was obtained. FTIR analysis of the washed
and dried FrCOF-1 synthesized using MeCN cosolvent
confirmed the formation of the imine bond (CLIN),
characterized by a stretching band at approximately 1617
cm-! (Figure S18). The PXRD pattern of FrCOF-1 exhibited
good crystallinity, closely matching the simulated pattern of the
TAPB-PDA imine COF with diffraction peaks at 2.8°, 4.9°, 5.6",
and 7.5°, corresponding to the (100), (110), (200), and (210)
planes, respectively (Figure S19). While both FTIR and PXRD
analyses confirmed the successful synthesis of crystalline imine-
linked FrCOF-1, our results indicated a significantly reduced
gelation period of approximately 3 min upon incorporating
MeCN cosolvent (1/1 v/v). In contrast, THF cosolvent
completely stabilized the suspension without any gelation. We
attribute this behavior of MeCN cosolvent to its higher polarity
index compared to THF (Table S5). Specifically, substituting
THF with MeCN increased the solvent system polarity index
from 5.25 to 6.15 (see Table S5 for polarity index estimations).
This finding suggests that nitrile cosolvents such as MeCN can
disrupt gelation in the microreactor for a limited period,
reducing the operable residence time range. Therefore, the use
of MeCN as a cosolvent may not be the most suitable stabilizing
agent for studying other chemistries with stronger m—1r
interactions or hydrogen bonding which often have a higher
gelation speed compared to TAPB-PDA COF chemistry.

We investigated the quality of FrCOF-1 produced after
operating the reactor at a residence time of 0.58 min (inlet
precursor flow rate 3 mL min~1) for approximately ~10 min
(inset image in Figure 2d) to evaluate the overall scalability of
the microreactor (Movie S1). A total sample mass of
approximately 1.2 g was produced. PXRD analysis confirmed
that the scaled-up FrCOF-1 sample had excellent crystallinity
(Figure S20). The calculated BET surface area (2249 m?2 g-1)
from N sorption analysis (Figure S21) further confirmed the
excellent permanent porosity of the scaled-up FrCOF-1 sample.
Additionally, the scaled-up sample possessed a high total pore
volume of 2.25 cm3 g1 (Figure 522). TGA analysis of the
scaled-up synthesis of FrCOF-1 exactly matched that of FrCOEF-
1 produced at an inlet precursor flow rate of 3 mL min~! (Figure
S5), confirming its thermal stability. This shows that the flow
microreactor can be implemented for high throughput
production of crystalline and porous COFs.

We used transmission electron microscopy (TEM) to
elucidate the effect of residence time and concentration on the
microstructure of FrCOF-1. All samples exhibited clear
crystalline lattice indicating that the materials were highly
crystalline (Figures 2e—n and 523a—d). There was a clear trend
in which the decline in residence time corresponded to a
reduction in the dimension of the COF sheets (Figures 2e—h
and S23a). In the same context, the precursor mixture
concentration appeared to play a pivotal role in the
determination of FrCOF-1 sheet size. Maintaining a consistent
residence time under a precursor flow rate of 3 mL min-1, a
diluted precursor concentration corresponded to significantly
larger COF sheets (Figure 2h,i). This observation suggests that a
reduced precursor concentration results in a lower nucleation
rate which means less competition for available precursors
resulting in the formation of larger sheets. This suggests that
precursor concentration stimulates nucleation, however, it does
not similarly augment growth.

Scope of the Microreactor COF Synthesis Method. Next,
we demonstrated the generality and versatility of our
continuous flow reactor approach through the preparation of
four more imine- and hydrazone-linked COF chemistries that
were previously synthesized using solvothermal synthesis:
FrCOF-2 (“TAPB-PDA-V”), FrCOF-3 (“TAPB-PDA-OMe”),
FrCOF-4 (“TAPT-DHTA”), and FrCOF-5 (“DETH-TFB").
The synthesis of FrCOF-2—FrCOF-5 was performed under
optimized conditions of residence time and precursor molar
concentration (refer to Note S3 for more details on synthesis),
enabling the rapid production of functional COFs. All these
imine and hydrazone COFs exhibit a hexagonal topology.
Notably, TAPB-PDA-V provides an excellent platform for
postsynthetic modification and tuning of pore functionality,?!
rendering it a highly versatile framework applicable to a wide
range of applications, including separation and adsorption.
Similarly, TAPB- PDA-OMe, with its methoxy side groups,
forms a robust framework suitable for postsynthetic modifica-
tion. The resonance effect generated by these groups promotes
framework crystallization and m—1 stacking.> TAPT-DHTA,
composed of photoactive counterparts with donor—acceptor
characteristics, is known for its photocatalytic potential.

Our study demonstrates that the microreactor flow synthesis
strategy can be effectively applied for the synthesis of COFs with
various linkages, including hydrazone (refer to Note S3 for a
detailed synthesis, Figure 524 and Table S10). We assessed the
quality of COFs produced using the microreactor using FTIR
spectroscopy, TGA, PXRD, and N» sorption analysis. The

https://doi.org/10.1021/acsami.4c09577
ACS Appl. Mater. Interfaces 2024, 16, 55206—55217


http://www.acsami.org/?ref=pdf
https://doi.org/10.1021/acsami.4c09577?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c09577/suppl_file/am4c09577_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c09577/suppl_file/am4c09577_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c09577/suppl_file/am4c09577_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c09577/suppl_file/am4c09577_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c09577/suppl_file/am4c09577_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c09577/suppl_file/am4c09577_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c09577/suppl_file/am4c09577_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c09577/suppl_file/am4c09577_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c09577/suppl_file/am4c09577_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c09577/suppl_file/am4c09577_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c09577/suppl_file/am4c09577_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c09577/suppl_file/am4c09577_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c09577/suppl_file/am4c09577_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c09577/suppl_file/am4c09577_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c09577/suppl_file/am4c09577_si_002.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c09577/suppl_file/am4c09577_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c09577/suppl_file/am4c09577_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c09577/suppl_file/am4c09577_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c09577/suppl_file/am4c09577_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c09577/suppl_file/am4c09577_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c09577/suppl_file/am4c09577_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c09577/suppl_file/am4c09577_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c09577/suppl_file/am4c09577_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c09577/suppl_file/am4c09577_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c09577/suppl_file/am4c09577_si_001.pdf

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

a TAPE  PDAV FrCOF-2 b TAPB  PDA-OMe FrCOF-3
&
%Pv% 1 ‘EEL - f&g
o 0 &iﬁﬁ; TUELN A
8
.'- Rwp=7.75% a=94° RWp=9.81% a=75°
i Rp=445%  B=99° Rp=698%  B=8%
y=120° fl y=117
it a=3655A a=3651A
), J— b=37.114A He8o b= 37.72A
Wil .‘:§& c=363A Jima & c=627A
AV N WA
T T T T T 1 T T T T T 1
5 10 15 20 25 30 5 0 15 20 25 30
20/deg 26/ deg
C TAPT DHTA FrCOF-4 d oem TFB FrCOF-5
dg‘;&z? E%‘ﬁzﬁ "
:\?" + " — ii b é Jé\ = "%.c “%.!
OO U Sy &g
8 [ <
Rwp=521% a=88° ] Rwp=4.08% a=90°
Rp=408%  §=86 i Rp=272%  B=90°
It y=118 y=124.3
a=3492A U"; a=27.464A
18220 b=3593A i e b=297s.«i
T T T T T 1 T T T T T 1
5 10 15 20 25 30 5 0 15 20 25 30
26/ deg 260/ deg
Yoo Yoo Yooe~ Yoot Bragg conditions

Figure 3. High throughput continuous synthesis of imine and hydrazone COFs in microreactor. (a-—d) Synthetic scheme for FrCOF-2-FrCOEF-5
along with Pawley refinements of FrCOF-2—FrCOF-5 with their respective PXRD patterns.

successful formation of the imine bond (CCN) in all FrCOFs
was evident through vibrations detected at approximately

1614—1618 cm~! (see Figures 525—528). Weak carbonyl
(~1662—-1689 cm~1) groups were present in the IR spectra
due to unreacted end groups across the COF nanosheets. An
additional vibration related to the amide group (CUO) was
evident in FrCOF-5 at approximately 1659 cm~1. The thermal
stability of FrCOF-2 — FrCOF-5 samples was confirmed using
TGA under a nitrogen atmosphere (Figure 529). While PXRD
patterns confirmed the excellent crystallinity of the imine-linked
FrCOF-2 — FrCOF-4 samples (Figure 3a—c), the hydrazone-
linked FrCOF-5 sample did not exhibit the same level of
crystallinity (Figure 3d). This discrepancy could be due to the
application of optimized conditions for imine linkage (inlet
precursor flow rate, residence time, precursor concentrations) to
the hydrazone COF chemistry to validate the universality of the
microreactor flow synthesis strategy. Despite each chemistry
having its kinetics of formation, these results indicate that while
the microreactor flow synthesis strategy is broadly applicable,
certain COF linkages like hydrazone (FrCOF-5) may require
further optimization of residence time, flow rate, and precursor
concentration. Such optimization is necessary to align the
kinetics of formation with the reactor’s residence time and
achieve higher crystallinity. Moreover, Pawley refinements
showed an excellent fit between simulated and experimental
PXRD patterns of FrCOF-2—FrCOEF-5 (Tables S11-514). The

55212

permanent porosity of the FrCOFs was examined via nitrogen
sorption analysis, conducted at a temperature of 77 K. All imine-
linked COF samples had excellent BET surface areas (Figure
S30) and pore size distributions (Figure 531). In contrast, while
the hydrazone-linked FrCOF-5 sample had a good BET surface
area (Figure S30), its pore size distribution was wide (Figure
531). The BET surface areas of all FrCOF-2 through FrCOF-5
samples were compared with those reported for solvothermal
analogs in the literature (Table S15). All COF samples generally
displayed comparable, if not enhanced, BET surface areas
(Table S15). The STY for these frameworks gives a clear
indication of the reactor’s efficiency: FrCOF-2 yielded 61,111 kg
m~3 day~!, FrCOF-3 produced around 34,920 kg m—3 day~,
FrCOF-4 generated close to 45,746 kg m=3 day~!, and FrCOF-5
formed 49,670 kg m=3 day~! (Table S7). Thus, this process
allows for the scaled-up synthesis of imine and hydrazone COF
frameworks and could be optimized for other linkages. All the
synthesized samples were produced as bulk samples in the form
of membranes or monoliths (Figure S32).

Microstructure and Optical Properties of Photoactive
FrCOF-4. COFs have recently emerged as a promising material
platform in heterogeneous catalysis for photocatalytic aqueous
pollutant treatment.*3*% Donor— Acceptor (D-A) COFs,
which can be synthesized from an extensive array of monomers,
may exhibit varying degrees of photocatalytic activity. COFs
with extended m-conjugated structures can absorb broadly out to
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Figure 4. Characterization and photocatalytic degradation of PFOA by FrCOF-4. (a) TEM and (b) HRTEM image of FrCOF-4 and its corresponding

(c) FET. (d) DR-UV—vis spectra of dry and wet FrCOF-4. (e) Normalized Tauc plots from UV —vis spectra for direct band gap. Dashed lines best linear
fits to the absorption edges. (f) PL emission spectra of dry and wet FrCOF-4. The excitation wavelength was ~540 nm. (g) HPLC detected
concentration—time profiles of PFOA for batch-grown TAPT-DHTA and FrCOF-4 without irradiation. (h) HPLC-detected concentration—time profiles
of PFOA for batch-grown TAPT-DHTA and FrCOF-4 with 254 nm irradiation. (i) IC-detected concentration—time profiles of fluoride ion (F-) with
254 nm irradiation. Reaction conditions: [PFOA]0 = 46.7 ppm, COF dosage of 1 g L-1in 50 mL PFOA solution, 254 nm UV -C light, initial pH of 3.2,

ambient conditions.

visible-light wavelengths, and the m—17 layered stacking results in
electronic overlapping, thereby providing sufficient pathways for
charge carrier (electron, (e—) and hole, (h+)) separation.®
FrCOF-4, synthesized as bulk samples via our flow reactor
strategy, is composed of a D—A structure, which makes it a
promising candidate for photocatalysis.®® High crystallinity is
thought to be useful for photocatalytic performance due to
improved charge carrier transport in the COF.% Besides PXRD
analysis (Figure 3c), the crystallinity of FrCOF-4 was further
analyzed using High-Resolution Transmission Electron Micros-
copy (HRTEM), which revealed excellent crystallinity and
diffraction (Figure 4a—c).

The absorbance of FrCOF-4 was assessed and compared to its
monomeric building blocks using diffuse reflectance ultra-
violet—visible (DR-UV-vis) spectroscopy (Figure S31).
FrCOF-4 exhibited a much broader and red-shifted band
compared to its monomeric counterparts, due to increased
conjugation length in the COF (Figure 533). The energy band

gap was calculated from Tauc plots (Figure 4e), revealing a
bandgap of 1.99 eV. Additionally, the photoluminescence (PL)
emission spectra of FrCOF-4 relative to its monomeric
counterparts revealed lower photoluminescence in the COF
(Figure S34).

Besides FrCOF-4 optical properties in dry conditions, the
material possesses distinct optical properties in its hydrated form
(Figure S35). Notably, FrCOF-4 undergoes color transition
from red to black when exposed to water, and this color change is
readily reversible (Figure S35). We attribute this distinct change
in color to the rapid and dynamic iminol to ketoenamine
equilibrium, mirroring a phenomenon previously observed and
reported earlier for TAPB-PDA—OH COF by Marder and
coworkers.’® We employed density functional theory (DFT) to
confirm the feasibility of the proposed tautomerization reaction.
The computed reconstruction free energy (—0.33 eV) provides
solid evidence supporting the structural transformation of
FrCOF-4 upon exposure to water (Figure S36a—c). We
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analyzed the effect of this transition on the optical properties of
FrCOF-4 using DR-UV—vis spectroscopy and PL emission. The
DR-UV spectrum of the wet form of FrCOF-4 showed the
emergence of a shoulder at longer wavelengths (~620 nm,
Figure 4d). This is consistent with previous reports that provide
density functional theory (DFT) and experimental evidence that
iminol/ cisketoenamine absorbs at longer wavelength than the
diiminol and indicate that this absorption has significant charge-
transfer character.3® The energy band gap for the hydrated
FrCOF-4, as extrapolated from the Tauc plots (Figure 4e),
indicated a decline from 1.99 eV (dry) to 1.89 eV (wet). In
addition, a comparison of the PL spectra between the hydrated
and dry states of FrCOF-4 revealed a shift in the PL wavelength
to 720 nm, accompanied by a diminished PL emission intensity
in the hydrated state (Figure 4f). This suggests that FrCOF-4 is
an excellent photocatalyst in aqueous environments, primarily
attributable to its distinctive properties when hydrated as
opposed to its dry state. We further explored the electronic
property change following the tautomerization reaction of
FrCOF-4 and observed a decrease in the band gap due to the
structural change, which is consistent with the experimental
findings and further implies the excellent photocatalytic
properties of the hydrated form of FrCOF-4 (Figure S34a—c).
We examined the photoelectrochemical characteristics of
FrCOF-4 by performing cyclic voltammetry and linear sweep
voltammetry (LSV) in the potential range —0.6 to 0.6 V (refer to
Methods S1.2.9 and 51.2.10 for details on sample preparation
and device testing, Figures 537 and 538). To further assess the
photoactivity of FrCOF-4, we used it as a photocathode at 0.2 V
under blue light, in a 0.1 Na,SO, liquid electrolyte, and tracked
photogenerated currents (refer to Methods 51.2.9 and 51.2.11
for details on sample preparation, concentration, and photo-
current test). The deposited FrCOF-4 sample exhibited a
photocurrent density of approximately 0.02 gA cm~2 which
demonstrates that FrCOF-4 is photoactive (Figure S39).
Adsorption and Photocatalytic Degradation of PFOA. We
investigated the use of FrCOF-4 for the adsorption and
photocatalytic degradation of PFOA to produce innocuous
chemicals. The pH of the solution affects the existing form of
PFOA (deprotonated/protonated) as well as the COF.
Therefore, to find the optimal pH that promotes PFOA-
FrCOF-4 interactions, we assessed the isoelectric point (where
zeta potential = 0) of FrCOF-4 using zeta potential measure-
ments (Figure S541) by suspending FrCOF-4 in buffer solutions
ranging from pH = 1-6 (Figure 540). FrCOF-4 samples
suspended in the various pH buffers appear in different colors.
At a pH > 3, the samples appear as brown agglomerates (Figure
540). On the other hand, at pH 3 and lower, the samples appear
to be suspended as red fine particulates (Figure 540). As
depicted from the zeta potential profile as a function of pH,
FrCOF-4 has an isoelectric point at a pH of approximately 3
(Figure S41). This implies that the COF has a net positive
charge at pH < pHp... We then assessed the kinetics of
adsorption at a pH of 2.5 and 3.2, respectively (Figures 4g and
542). Under both pH conditions, PFOA exists predominantly in
its deprotonated form due to the pH being higher than its pK..
50 mg of dry COF was mixed with approximately 50 ppm PFOA
ata concentration of 1 g L' in solutions with pH =2.5and pH =
3.2, respectively, in the dark. Then ~0.6 mL aliquot samples
were taken and analyzed by high-performance liquid chroma-
tography with diode-array detection (HPLC-DAD) to deter-
mine PFOA concentration at different time points. It took
FrCOF-4 approximately 25 min to saturate at a pH of 3.2

(Figure 4g) and 15 min at a pH of 2.5 (Figure S42).
Additionally, FrCOF-4 adsorbed 92% of PFOA in 25 min at a
pH of 3.2 (Figure 4g) and 98% of PFOA in 15 min at a pH of 2.5
(Figure 542). These measurements indicate that operating at a
lower pH could improve adsorption kinetics and capacity.
However, for safety and to avoid the formation of HF, we
performed degradation at a pH of 3.2.

To compare the adsorption and photocatalytic degradation of
FrCOF-4 with its batch analogue, we synthesized TAPT-DHTA
COF via batch synthesis using identical concentrations, solvent
systems, and mixing protocols. Details of the synthesis route are
provided in Note 54. FTIR analysis confirmed the successful
formation of TAPT-DHTA batch-grown COF, with the imine
bond (CLIN) stretching band observed at ~1617 cm~! (Figure
543). Weak carbonyl (CCO) group vibrations were present at
~1663 cm! (Figure S43). While PXRD analysis indicated that
the sample is crystalline, the crystallinity was found to be
susceptible to compromise during sample grinding for PXRD
sample preparation (Figure S44). This susceptibility is
illustrated by the increase in the fwhm from 0.49 to 0.62 upon
grinding. Therefore, N, sorption analysis was performed on the
bulk sample without any grinding, revealing a high BET surface
area of 3608 m2 g~ (Figure 545) and a pore volume of 2.4 cm?
g~ (Figure 546). TGA analysis confirmed the thermal stability
of batch-synthesized TAPT-DHTA COF (Figure 547).

Before irradiation with 254 nm UV ~C light, FrCOF-4, and its
batch-synthesized analogue were stirred in a 50 ppm PFOA
solution (pH = 3.2) in the dark for 5 h to achieve equilibration
(Figure S48a). The adsorption kinetics were then fitted using a
pseudo-second-order kinetics model, resulting in a high
correlation coefficient (R2 = 0.99998) (details in Note S5,
Table 516 and Figure S48b,c), and yielding rate constants of k, =
2.66 g mg~1 h-1for FrCOF-4 and k, =16.7 g mg~! h-1 for its
batch-synthesized analogue. However, FrCOF-4 exhibited a
higher adsorption capacity of g, = 43.4 mg g~! compared to its
batch-synthesized counterpart with g, = 37.6 mg g1 (Table
516). This could be attributed to the higher crystallinity of
FrCOF-4 relative to its batch-synthesized analogue which allows
for more accessible and efficient adsorption sites, enhancing the
overall adsorption capacity. Subsequently, the suspensions
containing saturated FrCOF-4 and the batch analogue were
exposed to 254 nm UV~C light for approximately 8 h to study
the photodegradation kinetics of PFOA (see reactor schematic in
Figure 549). Aliquot samples were periodically taken and
analyzed by HPLC and Ion Chromatography (IC) to monitor
the concentrations of PFOA and fluoride ions in the suspensions
throughout the photocatalytic degradation reactions. After 8 h,
we observed a drop in PFOA concentration in bulk solution to
3.6 ppm in the suspension containing FrCOF-4 photocatalyst
(Figure 4h). Additionally, 9.4 ppm of fluoride ions were
detected in the same suspension (Figure 4i), reflecting PFOA
degradation and the cleavage of C—F bonds. This concentration
corresponds to 28% degradation of the initial 46.7 ppm PFOA
solution (see Supporting Methods 1.2.14 for % degradation
estimation). Correspondingly, this is equivalent to a first-order
rate constant of k; = 0.0064 min~! (see Note 56 for details on
first-order rate constant estimation) for the degradation of
PFOA, and compares favorably to that of other photocatalysts,
such as TiO,, tested under similar conditions (Table 517). A
comparison of the & values clearly shows that FrCOF-4 (k =
0.0064) outperforms TiO» (k: = 0.0001), achieving a much
higher rate constant at substantially lower light energy (Table
S17). This result is very promising, and we expect that with
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further screening and optimization of catalyst dosage, light
energy, and reaction period, FrCOF-4 degradation efficiency can
be drastically improved. Conversely, in the suspension
containing the batch-synthesized analogue to the FrCOF-4
photocatalyst, we detected a constant increase in PFOA
concentration to 32.9 ppm (Figure 4h). Analysis of these
aliquots by IC showed almost no fluoride ions (Figure 4i),
suggesting either no significant degradation of PFOA occurred
or adsorption of the fluoride ions onto the COF sample. Since
sample crystallinity is the most important factor governing
degradation, the rapid loss of crystallinity in the batch-
synthesized TAPT-DHTA COF sample upon grinding for
adsorption and degradation tests renders it less effective as a
photocatalyst for PFOA degradation compared to FrCOF-4.
This is because defects promote electron—hole recombination
and result in poor charge carrier transport properties.

To assess the robustness of FrCOF-4 and its batch-
synthesized analogue under irradiation and continuous stirring
in acidic conditions, both samples were vigorously stirred for a
week following the photocatalytic degradation experiment
(UV-C light irradiation for 480 min under continuous stirring)
in the degradation byproducts solution. FTIR spectra of the
collected and washed FrCOF-4 sample confirmed the intact
framework structure, as evidenced by the absence of amino
groups and the presence of the imine bond (CC'N) with a
siretchingband oheeriedal S S ant sl o RAM AT RR

maintained crystalline structure of FrCOF-4 photocatalyst
postirradiation and continuous mixing in acidic products
(Figure S51). In contrast, FTIR spectra of the collected and
washed TAPT-DHTA COF batch-synthesized analogue in-
dicated partial framework degradation, as evidenced by the
appearance of amino groups at ~3457 and 3319 cm~' and a
significant reduction in the imine bond intensity at ~1618 cm~!
(Figure S50). Additionally, the PXRD pattern showed a
significant loss of crystallinity (Figure S51), which further
explains the poor photocatalytic performance of the batch-
synthesized analogue compared to FrCOF-4. This chemical
stability comparison confirms that FrCOF-4 is an excellent
photocatalyst for PFOA degradation, outperforming its batch-
synthesized analogue and traditional inorganic photocatalysts in
both photocatalytic efficiency and structural robustness.

l CONCLUSIONS

We present a flow reactor synthesis strategy based on
multiflowing streams for high throughput accelerated synthesis
and processing of imine- and hydrazone-linked COFs. This
work is distinct from previous COF flow synthesis studies as it
combines the continuous synthesis and processing of both imine
and hydrazone linkages into a range of macroscopic formats,
including monolithic, packed bed formats along with films and
prints. In contrast, previous studies utilized either imine or
boronate ester linkages in more limited macroscopic formats
such as fibers, powders, or thin films. Additionally, this work
reports a substantially higher STY of 61,111 kg m? day~! and
employs a broader range of chemistries (five total; FrCOF-1—

5), whereas the previously reported references have much lower
STYs and fewer reported chemistries, highlighting the efficiency
and versatility of the current microreactor strategy. This
methodology can be applied directly to hexagonal imine-linked
COFs of all pore sizes without adjustments. We did not study

55215

broader library of COF will require optimizing various reactor
parameters, including temperature, flow rate, solvent system,
and acid catalyst. Compared with batch synthesis approaches,
the flow reactor approach can produce higher yields of COF and,
under the right conditions, produce COF of superior
crystallinity. However, there are advantages to the batch
synthesis approach. The batch synthesis approach is simpler
and easier to control. Our flow synthesis approach requires that
all reagents be fully soluble to prevent clogging of the flow
reactor, which may prevent the synthesis of some COFs. Future
research will focus on expanding this platform to a broader range of
COF structures with various linkages and topologies.
Additionally, we aim to conduct kinetic evaluations to fully
understand the implications of flow rate adjustments and refine
our synthesis process for enhanced productivities. These efforts
will help broaden the library of COFs and facilitate their rapid
discovery, making our platform a robust and efficient method for
the accelerated screening and synthesis of new COFs.
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