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. . e . . 1. Introduction
Esterification reactions are crucial in industries such as chemicals,

fragrances, and pharmaceuticals but often face limitations due to high Conventional chemical heating relies ex-
reversibility and low reactivity, leading to restricted yields. In this work, an tensively on the convection and conduc-

" ; . s ; . . tion processes of heat transfer from the ex-
electrified esterification pathway utilizing a Joule-heated interfacial catalysis

. . . L ternal devices, such as jacketed vessels or
()IC) system is proposed, where a hydrophilic, sulfonic acid-functionalized steam through a heat exchanger.!) How-

covalent organic framework grown on carbon felt (COF—SO;H@CF) acts as ever, this strategy requires for a substan-
the interfacial catalyst, and the carbon felt serves as the electric heat source. tial temperature gradient, particularly dur-
This approach achieves an acetic acid conversion of 80.5% at a heating power ing the bulk heating of reactants and cata-

lyst activation, resulting in the higher con-
struction and operational costs, as well
as a larger equipment footprint.!'*"! Elec-

density of 0.49 W cm~3, without additional reagents by vaporizing reaction
products, surpassing the theoretical equilibrium limit of 62.5% by 1.29 times.

Comprehensive analysis indicates that the intimate contact between the trification, including the electrochemical
electric heat source and the COF—SO;H catalyst enables efficient, localized and electrothermal processes, is emerg-
Joule heating directly at catalytic sites, minimizing thermal losses and ing as a transformative paradigm in the

chemical industry, driven by the impera-
tive to decarbonize and increase energy
efficiency.l'*>2] Recently, the Joule heating
serving as an emergency electrification ther-
mal assist method has been proven to pos-
sess the uniform thermal field and accurate
temperature control. Different with the conventional bulk heat-
J. Zhang, X. Zhang, Y. Shen, Y. Wu, J. Kang, G. Wang, H. Zhang, H. Yin ing, the Joule heating is induced by internal electric heating sub-
Key Laboratory of Materials Physics strates, which could be employed to improve the electrother-
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Anhui Key Laboratory of Nanomaterials and Nanotechnology mal catalysis. As for the electrothermal catalysis, it could achieve

allowing precise control over reaction interfaces. This finding demonstrates
that this JIC system not only enhances esterification efficiency but may also
offer a sustainable, energy-efficient pathway for high-yield chemical processes.
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At present, this Joule heating strategy is regarded as the most
promising method for electrification process, which has been
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mainly performed on the conversion of small gas molecules,
while the production of fine chemicals is still limited to the tra-
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Figure 1. Schematic illustration comparing ethyl acetate preparation methods. a) Conventional Bulk Heating (CBH) method. b) Joule-heated interfacial
catalysis (JIC) system for electrified esterification. Partial enlarged detail of the Joule-heated interfacial catalysis.

process faces challenges due to its inherent high reversibility and
low reactivity, resulting in limited overall yields. For example, in
traditional ethyl acetate (EA) production, the equilibrium conver-
sion rate of acetic acid (AcOH) is constrained to 62.5% at a re-
actant molar ratio of 1:1 (EtOH:AcOH).") Efforts to enhance the
equilibrium conversion rate generally involve the addition of ex-
cess ethanol (EtOH) and the introduction of dehydrating agents
like concentrated sulfuric acid or toluene.*1% These supplemen-
tary reagents not only increase the reaction costs but also compli-
cate the product separation process. Furthermore, the esterifica-
tion reaction also demands elevated temperatures (60-225 °C) to
expedite reaction kinetics, conventionally achieved through bulk
heating methods, wherein both catalyst and reactants are heated
simultaneously to the desired temperature (Figure 1a).['!] As es-
terification predominantly occurs at the catalytic sites, substan-
tial heat is absorbed by both reactants and products in the bulk
phase, resulting in large energy dissipation.[®?! Herein, we intro-
duce an electrified esterification method that capitalizes on the
novel Joule-heated interfacial catalysis (JIC) system (Figure 1b).
Compared to the conventional bulk heating (CBH) system, the
JIC system ingeniously combines interfacial catalysis with Joule-
heated evaporation techniques to drive the esterification reaction
forward efficiently. The reactants in the JIC system are pumped to
the catalytic site through capillarity effect. Whereafter, the Joule
heat generated by the electrothermal process acts solely on the
catalytic interface, significantly avoiding the heat loss attributed
to the thermal diffusion in bulk solution. Meanwhile, the prod-
ucts can be separated effectively to promote the esterification re-
action forward, thereby breaking the theoretical equilibrium lim-
itations of traditional esterification reactions. As illustrated in
Figure 1D, the JIC system consists primarily of a porous conduc-
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tive substrate and a supporting interfacial catalyst, in which the
JIC system interact with the surface of the reaction liquids. As
depicted in Figure 1D, reactants could swiftly diffuse along the
surface of the porous conductive support, undergoing esterifica-
tion at catalytic sites energized by localized Joule heating. Sub-
sequently, products such as ester and water are detached from
the catalytic interface via Joule-heated evaporation. In this case,
the rapid thermal response and precise temperature control of
Joule heating enable the catalytic interface to quickly reach the
target reaction temperature, which maximizes heating efficiency
and minimizes energy consumption. Besides, The adoption of
Joule heat from the conductive substrate eliminates the need for
conventional bulk heating equipment, allowing the JIC system to
achieve high integration and miniaturization.

In this work, we have developed a judiciously designed JIC re-
actor (COF—SO,H@CF) comprising carbon felt (CF) as a con-
ducting support and a hydrophilic sulfonic acid-functionalized
covalent organic framework (COF—SO;H) as an interfacial cata-
lyst for electrified esterification. By employing COF—SO,H@CF
reactor for electrified esterification of AcOH, we achieved an
equilibrium conversion of 80.5%, which surpasses the theoret-
ical equilibrium limit (62.5%) by a factor of 1.29, all without
the need for additional reagents. This was accomplished at the
heating power density of 0.49 W cm~3 and reactant molar ratio
(EtOH:AcOH) of 1:1. Furthermore, the separated steam contains
a high concentration of EA (88.2%), with only a small amount
of EtOH (11.8%), facilitating the subsequent purification of the
product. Beyond the inherent advantages of electrified esterifica-
tion, our experimental and theoretical findings revealed the cru-
cial role of hydrogen bonding interactions between the —SO,H
groups on the COF—SO;H and the —OH groups of alcohols.
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Owing to the strengthened electrostatic interaction and hydro-
gen bonds between the —SO;H group of COF—SO;H and the
—OH group of EtOH, the binding force between the EtOH and
COF—SO,H was stronger and made less evaporation. This ap-
proach sustains a higher concentration of reactants in proximity
to the catalytic sites, while simultaneously maintaining a lower
concentration of products, thus facilitating the esterification pro-
cess. Additionally, we demonstrated the versatility of our JIC sys-
tem (COF—SO;H@CF) for other esterification reactions. This
methodology represents a significant advancement in esterifica-
tion processes, offering enhanced efficiency and precise temper-
ature control while reducing energy consumption.

2. Results and Discussion

2.1. The Fabrication and Characterization of COF—SO,H@CF for
Electrified Esterification

In our proposed electrified esterification approach, the design of
our JIC system places significant emphasis on two pivotal com-
ponents: the conductive substrate and the appropriate interfa-
cial catalyst for esterification. In terms of the conductive sub-
strate, several key criteria must be considered: 1) high electricity-
thermal conversion efficiency; 2) appropriate thermal conductiv-
ity; and 3) abundant 3D porous structure to improve the essential
electric energy conversion, heat transfer, and mass transfer pro-
cesses for electrified esterification. Carbon felt CF, with the suit-
able porous interconnected structure and electrothermal charac-
teristics, was utilized as satisfied conductive substrate for electric
Joule heating.>!2] As depicted in Figure S1 (Supporting Infor-
mation), the bare CF consists of %9 ym diameter carbon fibers,
interlinked to form a porous 3D structure. Table S1 (Supporting
Information) provides the physical characterization data, show-
casing a lower volume density of CF (0.12-0.13 g cm™%) compared
to the conventional activated carbons (0.45-0.65 g cm™), further
confirming its abundant pore structure.['*] Besides, according to
the previous reports, the electrical heating technique is suited for
the materials with conductivity between 0.01 and 10 S m~!, while
the electrical conductivity of CF is 0.2 S m~'.3>14 Ag illustrated
in Figure S2 (Supporting Information), CF processes the rapid
thermal response upon circuit activation, reaching the desired
operating temperature (=365 K) within 38 s. This property en-
ables precise control of localized heating conditions for interface
catalysis within the JIC system.

As for the interfacial catalyst of JIC system, the sulfonic
acid group-containing COF material (COF—SO;H) was judi-
ciously chosen as the solid acid catalyst for esterification catalysis.
The chemical structure of COF—SO,H is depicted in Figure 2,
wherein the preserved —SO;H groups from the monomer 2,5-
diaminobenzenesulfonic acid (DASA) function as the solid acid
sites in COF—SO, H, catalyzing the formation of ethyl acetate.[*>]
Unfortunately, COF-based solid acid catalysts have been rarely
employed in conventional esterification reaction. At present,
the COFs are primarily synthesized in powder form, which
are hardly processable due to the insolubility and infusibil-
ity. This characteristic leads to the low utilization efficiency
of active site, as well as poor electrical conductivity, thus ad-
versely affecting the catalytic efficiency of the esterification
reaction.!’®] Consequently, as illustrated in Figure 2, to fabricate
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the COF—SO,H@CF JIC reactor, the COF—SO;H material was
synthesized through in-situ growth on the CF substrate utiliz-
ing a hydrothermal method, which directly provides sufficient
acid sites for the esterification reaction. This process involved a
bulk solution containing 1,3,5-triformylphloroglucinol (Tp) and
DASA as monomers, with p-toluenesulfonic acid (PTSA) serving
as the catalyst. The COF—SO,H can be formed via the Schiff-
base condensation reaction between the aldehyde-group of Tp
and the amine-group of DASA.I17] After measurement, the
loading amount of COF—SO;H in COF—SO,H@CF was deter-
mined as 40 mg cm=>.

The morphology and nanostructure of COF—SO;H@CF was
comprehensively characterized by scanning electron microscopy
(SEM). As shown in Figure 3a,b, the SEM images revealed that
the extensive COF—SO;H nanorods, with an average diameter
of 290 nm, were uniformly distributed on the conductive CF
substrate. This uniform distribution and tight contact prevent
the agglomeration of COF—SO,H, also introduce more reactive
active sites, thereby promoting the catalytic ability. The corre-
sponding cross-sectional SEM image exhibited the COF—SO,H
layer, #900 nm thick on the surface of CF, which could facilitate
the heat transfer between the catalyst and conductive substrate.
Additionally, the energy-dispersive X-ray spectroscopy (EDX) el-
emental mapping demonstrated the homogenous distribution
of C, N, O, and S elements in COF—SO,;H@CF, indicating a
comprehensive coverage of COF framework with —SO,H groups
(Figure 3d). The X-ray diffraction (XRD) pattern, as depicted
in Figure S3 (Supporting Information), showcases two distinct
diffraction peaks at 20 = 4.6° and 26.7°, corresponding to the
(100) and (001) crystal planes of COF—SO;H, respectively.['718]

The chemical structure of COF—SO,H was measured by
Fourier transform infrared spectra (FTIR), X-ray photoelectron
spectroscopy (XPS) and Solid-state nuclear magnetic resonance
(ssNMR). The FT-IR spectra showed the characteristic peaks at
1563 cm™ (C=C) and 1194 cm™! (C—N), indicating a formation
of p-ketoamine linked framework structure (Figure 3e).l'”] Peaks
at 1431, 1079, and 1024 cm™ confirmed the presence of —SO;H
group.['? The full-range XPS spectra of COF—SO, H revealed the
presence of C, N, O, and S elements (Figure 3f). High-resolution
Cls and N1s XPS spectra showed the peaks of C=C—N and
C—N covalent bonds, indicating condensation reactions between
—CHO (Ip) and —NH, (DASA) groups (Figure S4a,b, Support-
ing Information).">!! Similarly, high-resolution O1s and S2p
XPS spectra further confirmed the presence of —SO;H groups,
substantiating the successful preparation of COF—SO,H catalyst
on the CF surface (Figure S4c,d, Supporting Information).>!”]
The chemical shift of keto-form carbonyl carbon at 182.8 ppm
observed in *C ssNMR spectrum verified the successful syn-
thesis of COF—SO,H on CF (Figure 3g).">! The acid density
of COF—SO,;H@CF was measured at #0.19 mmol cm~> using
the NaOH titration method, demonstrating the availability of
acidic sites for catalyzing esterification reactions. The loading
amount of COF—SO;H on the CF could be adjusted by vary-
ing the monomer concentrations of DASA and Tp. For example,
the reactant concentrations were set at 0.5 times and 1.5 times
that of COF—SO,;H@CF, denoted as COF—SO;H@CF-1 and
COF—SO;H@CF-2. The loading amounts of COF—SO;H in
COF—SO;H@CF-1 and COF—SO;H@CF-2 were determined to
be 24 and 80 mg cm™3, respectively. SEM images (Figure S5,
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Figure 2. Schematic diagram of the preparation process for the COF—SO; H@CF catalyst for electrified esterification. The -SO3H groups are highlighted

in red.

Supporting Information) revealed that the nanorod structures
were not well-developed in either sample. The acid densities
of COF—SO;H@CF-1 and COF—SO;H@CF-2 were 0.12 and
0.15 mmol cm™ (Table S2, Supporting Information), both of
which were lower than that of COF—SO,;H@CF.

In addition, the COF—SO;H@CEF exhibited a super-hydro-
philic property after the growth of COFs, in contrast to the hy-
drophobic nature of pristine CF. As shown in Figure S6 (Support-
ing Information), the water contact angle of COF—SO,;H@CF
approached zero, indicating that the COF—SO,H layer signifi-
cantly increased the hydrophilicity of CF substrate. The super-
hydrophilic property is a crucial factor for the subsequent JIC
system used in electrified esterification. During esterification,
the super-hydrophilicity enhances the resultant water diffusion
away from the catalytic sites of COF—SO,H. In contrast, at-
tributed to the inherent hydrophobicity of pristine CF, the Figure
S7 (Supporting Information) exhibited numerous water beads
on its surface during the esterification process. This formation
of water beads on the CF surface reduces the contact area be-
tween the resultant water and CF, thereby impeding the evap-
oration of water species and reducing the reaction conversion
rate. Overall, we successfully synthesized the COF—SO;H cata-
lyst with abundant acid sites and super-hydrophilic properties on
CF through the hydrothermal method, which opens up the possi-
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bilities for the JIC system to achieve high equilibrium conversion
rate.

2.2. The Joule-Heating Performance of COF—SO,;H@CF

The Joule-heating performance of COF—SO;H@CF in
the JIC system was first evaluated by comparing the elec-
trothermal characteristics of CF, COF—SO;H@CF, and
COF—SO,;H@CF/Liquid (EtOH and AcOH). An optical photo-
graph of the JIC system was shown in Figure S8 (Supporting
Information), and the electric signals were recorded using
a DC power supply. The surface temperature was measured
with a thermal IR camera, while the internal temperature
was monitored by thermocouple inserted into the CF or
COF—SO;H@CF. As displayed in Figure S9 (Supporting In-
formation), at the same voltage, the current response of CF
was higher than that of COF—SO,H@CF. This indicates a
lower ohmic resistance of CF with a dT/dq value (where g
is the energy density) of 46.3 K W~! c¢m?® (Figure 4a), which
generates less heat and results in worse electricity-to-thermal
conversion performance. We found that the inherent ohmic
resistance of COF—SO;H@CF was increased significantly, fa-
cilitating the superior electrothermal conversion.!?! Specifically,
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Figure 3. Characterizations of COF—SO;H@CF catalyst. a—c) SEM images and inset photograph (inset is an optical image of COF—SO;H@CF),
d) TEM-EDS mapping, ) FT-IR spectra, f) XPS survey spectra and g) '>C NMR spectra of COF—SO; H@CF catalyst.

the value of dT/dq reached 140.5 K W~! cm?, as three times
higher than that of CF (46.3 K W~! cm?, Figure 4a). When the
COF—SO;H@CF was immersed in the bulk solution (0.1 mol
EtOH and 0.1 mol AcOH, ~11.5 mlL), the reactant diffused
across the catalytic interface via capillary effect, subsequently
occurring a heat transfer process. It is worth nothing that when
the interface temperature exceeded the boiling point of 355 K
for the reactant, the electrothermal conversion performance of
COF—SO;H@CF diminished, with the dT/dq value dropping to
just 18.1 K W~! cm?®. This is because the generated Joule heat
was primarily utilized for the gasification, restricting the further
increase in reaction temperature. Therefore, the JIC system can
promote the esterification reactions by precisely controlling the
interface temperature below 355 K, reducing heat loss due to
excessively high temperatures.

To further verify the distinct electrothermal efficiency in JIC
system, the Joule-heating processes were conducted in reac-
tant solution (0.1 mol EtOH and 0.1 mol AcOH, ~11.5 mlL)
with a comparison of conventional bulk heating (CBH). No-
tably, the temperature of COF—SO,H@CF increased from 298
to 355 K with an input power density of 0.49 W cm™ in just
29 s (Figure 4b). In contrast, the CBH system took 1300 s
to reach the same preset temperature of 355 K with a rough
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input power density >10 W cm~3 (Figure S10, Supporting In-
formation). The heating rate of JIC system was =~45 times
faster than that of CBH system, while requiring a lower ap-
plied energy, demonstrating a superior electrothermal conver-
sion efficiency of COF—SO;H@CF. The Joule heating behav-
ior of COF—SO;H@CF was also visualized using IR imaging
(Figure 4c). It was evident that Joule heating was primarily con-
centrated at the catalytic interface of COF—SO;H@CF, rather
than being extensively disseminated throughout the bulk solu-
tion. The surface temperature of COF—SO,;H@CF have a swift
rise from 298 to 355 K within 29 s, corroborating the tempera-
ture recorder results. Minimal changes of COF—SO,;H@CF were
observed after the rapid heating process, indicating its robust
thermal stability.

The current density and temperature distribution within
the COF—SO;H@CF-based JIC system were further elucidated
through the finite element simulation (Figure 4d—g; Figure
S11, Supporting Information). By optimizing the heating re-
gion, the effective catalyst heating area can be expanded, while
simultaneously minimizing thermal energy dissipation. As il-
lustrated in Figure 4e, the region where the graphite paper
electrode contacts the COF—SO,;H@CF was defined as the heat-
ing region based on the contact height “x”. Meanwhile, when
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Figure 4. Electrothermal properties and simulations of the JIC system using COF—SO;H@CF. a) The temperature-power density relationship. b) The
temperature response of the JIC system with COF—SO;H@CF. c) IR thermal images of the heating process in the JIC system with COF—SO; H@CF.
d,e) The 3D model of the JIC system with COF—SO;H@CF. x denotes the contact height where the graphite paper electrode and the COF—SO; H@CF.
f) The maximum surface temperature of COF—SO; H@CF and bulk solution temperature at different contact heights. g) The 3D simulation images of

the temperature field in JIC system with COF—SO; H@CF.

the graphite paper electrode was defined at contact heights of 3,
6,9, 12, and 15 mm under the same voltage input (3.2 V), the
temperature distributions of COF—SO,;H@CF were systemati-
cally investigated. The simulated results showed that the current
density was predominantly distributed in the defined heating re-
gion, where generating the Joule heat flux (Figure 4g; Figure S11,
Supporting Information). As the contact height increases, the
COF—SO;H@CF temperature correspondingly rises until the
target reaction temperature of 355 K at a height of x = 12 mm
(Figure 4f). Furthermore, the COF—SO;H@CF can be heated
uniformly, while the temperature fluctuation of bulk solution
remains minimal and negligible. This localized heating effect,
focused primarily on the catalytic interface, could significantly
mitigate thermal loss and creates an energy-efficient JIC system.
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Thus, the JIC system using COF—SO;H@CF provides a homo-
geneous thermal field and precise reaction temperature for elec-
trified esterification processes. More importantly, it could mini-
mize heat absorption by the bulk solution during the esterifica-
tion process, thereby obviously reducing thermal energy wastage.
Consequently, the selection of electrode height was setas 12 mm,
for subsequent inquiry.

2.3. The Electrified Esterification Performance of
COF—SO,;H@CF

The electrified esterification performances of JIC system us-
ing the COF—SO;H@CF catalyst, as well as other comparison
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Figure 5. Evaluation of electrified esterification performance. a) Conversion rate of AcOH over different catalysts. Reaction conditions: 0.1 mol AcOH,
0.1 mol EtOH, T = 355 K, reaction time = 6 h. b—d) The conversion rate of AcOH over COF—SO;H@CF with (b) different reaction temperature,
c) catalyst loading amount and d) molar ratios of EtOH to AcOH. e) Electricity consumption per kgga in the JIC system with different molar ratios of
EtOH to AcOH. f) Comparison of conversion rate for AcOH and the turnover frequency value among the catalysts reported in Table S3 (Supporting
Information). g) The stability test of COF—SO; H@CF for 5 times in the JIC system. h) Conversion rate of different substrates in the |IC system.

catalysts, were evaluated in a custom-built chemical reactor
(Figure S8, Supporting Information). Initially, we focused on the
model esterification reaction of EtOH and AcOH. In our JIC sys-
tem, the product EA was generated in situ on the surface/acidic
sites and then rapidly evaporated away from the electrothermal
localized surface. As depicted in Figure 5a, the equilibrium con-
version rate of JIC system using pristine CF was only 12.5% at
a 1:1 reactant molar ratio of EtOH and AcOH. This low conver-
sion rate was primarily attributed to absence of catalytic sites in
CF, resulting in the negligible catalytic ability of bare CF and
poor esterification performance. In contrast, the application of
COF—SO;H@CF catalyst resulted in a higher conversion effi-
ciency of 80.5%, surpassing both the theoretical equilibrium con-
version rate (62.5%) and that catalyzed by concentrated sulfuric
acid (68.9%). This excellent conversion performance highlights
the superior capability of COF—SO,;H@CF catalyst in enhanc-
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ing the equilibrium conversion rate of esterification reaction. To
further verify the advantages of JIC system in esterification reac-
tions, a comparative analysis for the CBH system was conducted.
In the CBH system, the equilibrium conversion rate catalyzed
by COF—SO,H@CF was restricted to 39.0%, significantly lower
than the 80.5% obtained in the JIC system. This emphasized the
pivotal role of the JIC system in augmenting esterification re-
action performance. Temperature regulation within the JIC sys-
tem also acts as a critical factor. Figure 5b illustrates the volcanic
trend in AcOH equilibrium conversion rate with increased tem-
perature in our JIC system using COF—SO,;H@CEF. After 6 h of
stable operation at 355 K, the conversion of AcOH was 80.5%,
with a required heating power density of 0.49 W cm~3 (Figure
S12, Supporting Information). In this case, the rate constant of
the reaction is 0.051 L mol™! h™! (Figure S13, Supporting In-
formation). Thus, the esterification of AcOH and EtOH can be
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f) GC chromatogram of the steam generated in the JIC.

recognized as a second-order reversible reaction, which is con-
sistent with the previous report.2!] Beyond this temperature, con-
version rates began to decline due to excessive heat causing rapid
evaporation of reactants from the catalytic sites, thus impeding
esterification performance.?2l This phenomenon indicated a spe-
cific temperature range was required in electrified esterification
to optimal high conversation rate. Furthermore, the influence of
varied COF—SO;H loadings on the equilibrium conversion rate
was also explored. As shown in Figure 5¢, the equilibrium con-
version rate of the esterification reaction continuously improved
with increasing the catalyst loading. The optimal conversion rate
(80.5%) was achieved at a catalyst loading of 40 mg cm=>. How-
ever, excessive COF—SO; H loading led to reduced conversion ef-
ficiency due to the aggregation of COF—SO,H powder within the
CF, resulting in decreased available acid sites.

Additionally, the influence of different reactant ratios
(EtOH:AcOH) in the JIC system for electrified esterification
was studied (Figure 5d). Equilibrium conversion rates can
be improved by increasing reactant molar ratios, particularly
exceeding 96% at a ratio surpassed 3:1 (EtOH:AcOH), which
was markedly superior to the CBH system (x42.5%). Moreover,
the JIC system using COF—SO;H@CF significantly reduced
energy consumption for the esterification reaction, especially
with increased reactant molar ratios (Figure 5e). Comparative
analysis with literature shows that the JIC system based on the
COF—SO;H@CF catalyst, employing the Joule-heated interfa-
cial catalysis, could achieve the excellent equilibrium conversion
rates and turnover frequency (TOF) values regardless of reactant
molar ratios (Figure 5f; Table S3, Supporting Information).’!
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The stability of COF—SO,;H@CF catalyst in JIC system was
evaluated through five reaction cycles at 355 K and a 1:1 reactant
molar ratio. Figure 5g demonstrates the minimal decrease
in the equilibrium conversion rate. Besides, the morphology
and structure of COF—SO,H@CF catalyst remained intact,
indicating a desirable stability (Figures S14-S16, Supporting
Information). Finally, the versatility of JIC system was verified
through conversion efficiency with different alcohols (methanol,
isopropanol, and n-butanol) and acids (formic acid and oleic
acid). The system showed satisfying conversion performances
for different molar ratios (1:1 and 3:1) (Figure 5h), highlighting
the broad applicability of the JIC system in diverse esterification
reactions.

2.4. Mechanism Investigation

To elucidate the mechanism underlying the exceptional conver-
sation rate of the JIC system in esterification reactions, com-
prehensive experiments and theoretical calculations were con-
ducted. Frist of all, the evaporation rates of EtOH and EA were
measured in both JIC and CBH systems with different temper-
atures (320 and 350 K), aiming to emphasize the positive con-
tribution of JIC system on esterification reaction. It is obvious
that the vapor generation rate of EtOH and EA in JIC system
are much faster than those in CBH system under identical tem-
perature (Figures 6a,b). Among them, the evaporation rates are
calculated from the slope of mass change curve (Figures 6¢). In
JIC system, EA reaches an evaporation rate of 143 kg m=2 h~! at
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320 K, which is 3.1 times higher than EtOH of 45.7 kg m=2 h™1.
At 350 K, this disparity further widens, with the evaporation rate
of EA (377.7 kg m™? h7!) being ~4.2 times higher than EtOH
(88.8 kg m~2 h~1). While in CBH system, the evaporation rate
of EA at 320 Kis 21.7 kg m~2 h™', 2.8 times higher than EtOH
(7.6 kg m~2 h~!). When the temperature reaches 350 K, this dis-
parity decreases, with the evaporation rate of EA (47.6 kgm=2h~!)
being 2.1 times that of EtOH (22.6 kg m~? h™!). The results in-
dicated that the JIC system is more favorable for EA evaporation
with the increased temperature, compared to the CBH system.
Within the JIC system, the EtOH and AcOH were transported
across the CF by capillary action, subsequently catalyzed into EA.
Since the enhanced evaporation rate, the product can be more ef-
ficiently evaporated away from the catalytic interface compared
to the reactants. Thus, the reactants were maintained a high con-
centration at the catalytic interface, thereby promoting the ester-
ification reactions forward and breaking the equilibrium limit of
62.5%. However, the evaporation rate in CBH system markedly
decreased with a limited interface between the bulk solution and
atmosphere. Furthermore, the resultant products tend to dissolve
in reaction mixture instead of accumulating at evaporation inter-
face, which adversely affects the efficient products separation and
impedes the advanced esterification process.

We further conducted the theoretical calculation using density
functional theory (DFT) to delineate differences in the evapora-
tion rate between EA and EtOH on COF—SO,H@CEF. As illus-
trated in Figure 6d,e, the binding energy of EA with COF—SO,H
(—0.46 eV) was lower than that of EtOH (—0.95 eV), indicating
that the EA was prone to evaporate at the catalytic interface com-
pare to EtOH in the COF—SO; H. Owing to the strengthened elec-
trostatic interaction and hydrogen bonds between the —SO,;H
group of COF—SO;H and the —OH group of EtOH, the binding
force between the EtOH and COF—SO; H was stronger and made
less evaporation.[')] Hence, at the catalytic interface, products
were more prone to dissociate from the active sites, while reac-
tants can be maintained at higher concentrations, thereby facil-
itating the forward progression of esterification reaction. To fur-
ther confirm the content of steam during the reaction, we per-
formed a gas chromatograph (GC) to examine the content of
each substance in the steam (Figure 6f). The chromatogram re-
vealed that the EA was the main component (88.2%), with a mi-
nor presence of EtOH (x~11.8%), and no AcOH was detected.
This clearly indicates that the utilization of COF—SO,;H@CF en-
abled the rapid evaporation of EA from the catalytic interface,
thus promoting the reaction progress. To confirm the distribu-
tion of reactants at the catalytic interface, operando attenuated to-
tal reflection surface-enhanced infrared adsorption spectroscopy
(ATR-SEIRAS) was performed. As shown in Figure S17 (Sup-
porting Information), the absorption bands of C=0 (1721 cm™1),
O—H (1408 cm™1), and C—O (1285, 1083, and 1045 cm™!) in the
ATR-SEIRAS spectra are correspond to the signals of AcOH and
EtOH. Additionally, an EA signal (2974 cm~') was observed after
the reaction commenced. With the extended reaction time, the in-
tegral area of characteristic peak for the reactant was much larger
than that of the product, revealing that the reactant remained at a
higher concentration at the catalytic interface during the reaction
process. As a result, the JIC system can achieve in situ separation
of products at the catalytic interface through the Joule heating
process, which allows the reactants to maintain a relatively high
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concentration, thus promoting the forward progress of the ester-
ification reaction.

3. Conclusion

In summary, we have successfully prepared a COF—SO;H@CF
catalyst with abundant acid sites by a simple hydrothermal
method, and subsequently applied it to construct a JIC system for
advanced electrified esterification, achieving high conversion and
energy efficiency. Optimization of reaction conditions for elec-
trified esterification enabled a conversion rate of AcOH as high
as 80.5% at a heating power density of 0.49 W cm™3, without
additional reagents, surpassing the chemical equilibrium limi-
tation of the esterification reaction. Comprehensive analysis in-
volving finite element simulation, evaporation rate experiments,
operando ATR-SEIRAS spectra, and DFT calculations indicated
that the Joule heating effect at the catalytic interface promotes
rapid evaporation of the products in JIC system. This maintains
a higher concentration of reactants around the catalyst sites while
keeping the product concentration lower, thereby accelerating the
esterification process. This work not only significantly improves
the equilibrium conversion rate of esterification but also reduces
energy consumption.
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Supporting Information is available from the Wiley Online Library or from
the author.
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