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This work explores the innovative use of copper-alginate (Cu-alginate) hydrogels
within microfluidic systems to catalyze dipolar cycloaddition reactions,
emphasizing green chemistry principles and process intensification. Utilizing
naturally occurring biopolymers, such as alginates, provides an
environmentally friendly alternative to conventional catalyst supports due to
their biocompatibility, biodegradability, and effective metal ion immobilization
capabilities. The integration of these biopolymer-based catalysts intomicrofluidic
devices allows for precise control over reaction conditions, leading to enhanced
reaction kinetics andmass transfer efficiencies. Our results demonstrate that Cu-
alginate hydrogels effectively catalyze the formation of 1,4-disubstituted 1,2,3-
triazoles through [3 + 2] dipolar cycloaddition reactions with high regioselectivity
and conversion. The microfluidic setup ensures rapid and efficient synthesis,
surpassing traditional batch reaction methods in both reaction rate and
environmental impact by reducing solvent usage and waste generation.
Furthermore, the use of microfluidics contributes to the reproducibility and
scalability of the synthesis process, important for industrial applications. The
model-based design and its simulations have been employed to further
understand and optimize the reaction system. Diffusion through the gel layer
and catalytic reaction kinetics estimated from experimental data were included in
the model, providing a theoretical foundation for a comprehensive process
evaluation. This study not only advances the field of sustainable catalysis by
demonstrating the practical utility of biopolymer-supported catalysts in
microfluidic systems, but also sets the stage for further research into
biopolymer applications in complex chemical syntheses.
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1 Introduction

The field of green chemistry has witnessed significant progress in recent years, with an
increasing emphasis on environmentally friendly and sustainable resources and processes
(Jiménez-González et al., 2011). A key aspect of this shift involves the development of
heterogeneous catalysts for fine chemical synthesis that also enable efficient product
separation with minimal catalyst usage (Masuda et al., 2018; De et al., 2020; Sun et al.,
2021). Traditionally, these catalysts have been supported on inorganic materials (Ghosh
et al., 2020; Shiri and Aboonajmi, 2020; Aflak et al., 2022) or synthetic polymers (Dhital
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et al., 2012; Zhang et al., 2012), but there is growing interest in the
use of naturally occurring biopolymers (El Kadib, 2015; Dohendou
et al., 2021) as these are abundant and renewable. Biopolymers
represent a sustainable alternative and offer the dual advantage of
environmental compatibility and versatile chemical properties that
can be tailored to specific catalytic requirements.

Among others, alginates derived from brown algae, emerge as a
promising class of biopolymers (Ambrozic and Plazl, 2021; Roquero
et al., 2022; Ambrozic et al., 2024), with high sorption capacities and
the ability to form various structures, including flakes, gel beads and
membranes. Their versatile nature makes them ideal candidates for
the immobilization of metal ions (Roquero et al., 2022) and exploring
their use in catalysis (Xia et al., 2019; Wang et al., 2020). Alginates,
particularly in the form of gel beads, have proven to be effective
catalyst supports (Dong et al., 2011; Balakrishnan et al., 2024) due to
their ability to effectively capture metal ions. Copper-alginate
catalysts, for instance, have demonstrated remarkable performance
in facilitating organic transformations, especially in aqueous media
(Bahsis et al., 2020; Aflak et al., 2022). The complexation of copper
ions with alginate ensures robust catalysis while simplifying the
recovery and recycling of the catalyst.

In the realm of organic synthesis, the copper-catalyzed azide-
alkyne cycloaddition (CuAAC) has emerged as a pivotal reaction that
enables the formation of 1,2,3-triazoles with high regioselectivity
(Reddy et al., 2007; Bahsis et al., 2018; Ben El Ayouchia et al.,
2019; Bahsis et al., 2020). These triazoles are invaluable in
pharmaceutical research and serve as basic structures for drug
discovery and development. Copper-alginate catalysts (Reddy et al.,
2007; Bahsis et al., 2020) have shown the potential to catalyze such
click reactions with efficiency and precision, highlighting their utility
in modern synthesis methods. The unique properties of alginates,
such as their biocompatibility, biodegradability and high affinity for
metal ions, make them an excellent choice for the development of
reusable catalysts for click chemistry reactions.

Furthermore, the oxidative coupling of phenols and naphthols is
another critical reaction that benefits from the use of copper-alginate
catalysts (Reddy et al., 2007;Wu andKozlowski, 2022). These catalysts
not only improve the efficiency of such conversions, but also embody
the principles of green chemistry by minimizing waste and facilitating
the reuse of catalysts. The ability of alginate to form superporous
hydrogels further enhances its utility by providing a large surface area
for catalytic reactions and ensuring efficient interaction between the
catalyst and substrates. These advances reflect a broader trend in
catalysis research towards more sustainable and recyclable catalyst
systems. The immobilization of copper on biodegradable supports
such as alginate enables efficient catalysis while simplifying the
recovery and reuse of the catalyst.

Nevertheless, in many batch systems, mass transfer limitations
remain the biggest drawback to effective conversion. Therefore, the
transition from batch to continuous process operation has been
recognized as a key factor in achieving green chemistry goals
(Jiménez-González et al., 2011; Newman and Jensen, 2013;
Tamborini et al., 2018). In line with that, microfluidics has
emerged as a revolutionary approach in the field of chemical
engineering and catalysis (Goy et al., 2019; Ambrozic et al., 2024;
Menegatti et al., 2024), offering unprecedented control over reaction
conditions and enabling process intensification. The unique
properties of microfluidic devices, such as the large surface-to-

volume ratio and precise control of flow dynamics, allow for
improved mass and heat transfer, resulting in higher reaction
rates and improved product yields (Wohlgemuth et al., 2015).
For heterogeneous catalysts, such as copper-alginate,
microfluidics provides a platform for fine-tuning reaction
parameters and achieving optimal catalytic performance (Milozic
et al., 2018; Vicente et al., 2020; Ambrozic et al., 2024). This
technology also enables the integration of multi-step processes in
a single device (Pohar et al., 2012), significantly reducing the time
and resources required for complex syntheses. By leveraging the
precision and scalability of microfluidics, researchers can achieve
process intensification that maximizes the efficiency of copper-
alginate-catalyzed conversions.

Therefore, combining microfluidics with stimuli-responsive smart
materials, such as electro-responsive copper-alginate (Nie et al., 2018;
Goy et al., 2019; Menegatti et al., 2024), presents an interesting route
for in situ catalyst deposition and regeneration. These smart materials
can undergo reversible changes in their structure and functionality in
response to external stimuli such as electric fields (Ambrozic et al.,
2024), allowing precise manipulation of the catalyst within
microfluidic channels. This approach not only facilitates the
deposition of copper-alginate in specific regions of the
microreactor, but also enables real-time adjustments to the
catalyst’s properties, providing greater control over the reaction
environment. The integration of microfluidics with stimuli-
responsive materials (Kang et al., 2013; Huang et al., 2020) opens
up new possibilities for the development of advanced catalytic systems
that can adapt to changing conditions, ensuring optimal performance
for diverse chemical processes.

In this context, the present work seeks to explore the efficacy of
copper-alginate catalysts for 1,3-dipolar cycloaddition reactions. The
use of such catalysts represents a significant step forward in the
development of environmentally friendly and cost-effective methods
for organic synthesis. Preliminary results demonstrate that this
catalyst system exhibits excellent activity and selectivity towards
the formation of triazoles, with the microfluidic environment
facilitating rapid and efficient mass transfer and reaction kinetics.
The electrodeposition process allows precise control of hydrogel
formation, enabling the tuning of the catalytic properties by
adjusting the copper content and gel morphology. The reusability
of the catalyst, a crucial aspect of sustainable chemical processes, is
also being investigated, highlighting the potential of this approach to
make an important contribution to the field of green catalysis. By
integrating Cu-alginate hydrogels into microfluidic systems, we
present a scalable, environmentally friendly and highly effective
strategy for conducting dipolar cycloadditions. This work not only
opens up new avenues for the use of biopolymer-supported catalysts
in organic synthesis, but also demonstrates the immense potential of
microfluidic devices to improve the sustainability and efficiency of
chemical processes.

2 Experimental

2.1 Materials

Alginic acid sodium salt from brown algae (medium
viscosity, ≥2.000 cP, further marked as alginate, 96%), copper
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standard solution (Cu(NO3)2 in HNO3 0.5 mol/L),
ethylenediaminetetraacetic acid disodium salt (EDTA), sodium
sulfate (anhydrous, 99%), hydrochloric acid, acetic acid, N-(2-
Hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid) (≥99.5%,
HEPES), citric acid, ethanol, and ethyl acetate were used as
received from Merck KGaA (Darmstadt, Germany).
Phenylacetylene (further abbreviated as PA) was purchased from
Sigma Aldrich and benzyl azide (further abbreviated as BA) was
synthesized according to the literature procedure (Zhang et al.,
2020). All experiments were carried out in ultrapure
water (18.2 MΩ cm).

2.2 Design of microfluidic device

Electrochemical experiments were conducted in a custom-made
transparent microfluidic system (Figure 1) with plate-plate
geometry. The system featured patterned copper (Cu) plate
electrodes purchased from commercial suppliers. The two
electrodes were integrated between 10 mm thick poly (methyl
methacrylate) (PMMA) layers serving as housings and were
separated by a 1,000 µm thick polytetrafluoroethylene (PTFE)
gasket/spacer that defined the geometry of the microchannels. To
prevent leakage, all layers were placed on top of each other and
fastened with screws. The microfluidic channel had a width of
10 mm, a height of 1,000 µm and a length of 100 mm, with an
active electrode area of 10 mm × 100 mm. Compared to
conventional electro-micro devices, where the electrodes are
attached to the side walls, the electrodes at the bottom/top of the
microfluidic channel allow for a larger electrode area, resulting in

more efficient hydrogel formation and more applicable
molecular diffusion.

2.3 Preparation of alginate copper catalyst
(Alg-Cu)

Alginate hydrogel films were prepared using a previously
described electrochemical deposition method (Ambrozic and
Plazl, 2021). Briefly, sodium alginate (1.0% w/v) was dissolved in
a 100 mM Na2SO4 aqueous solution, stirred overnight, and then
filtered with a 40 μm porous glass filter to remove undissolved
impurities. Before each experiment, the pH of the solution was
adjusted to 6.0 with 1M HCl or 1M NaOH. Prior to
electrodeposition, the microfluidic channel was immersed with
alginate solution to ensure that the microchannel was completely
filled. The flow of solution (200 μL/min unless otherwise specified)
was controlled by a programmable syringe pump (PHD
4400 Syringe Pump) with a stainless-steel syringe (Harvard
Apparatus, Holliston, MA). An alligator clip was used to connect
the plate electrodes to a DC power supply (2,400 Sourcemeter,
Keithley). The parallel Cu plate electrodes served as both cathode
(negatively biased electrode) and anode (positively biased electrode).
Prior to the experiments, the electrodes were successively cleaned
with acetone, ethanol and water under sonication for 5 min each.
Electrodeposition was performed at a constant current density
(3.5 A/m2) over a specific period of time (120 min, unless
otherwise specified) with typical voltages of 2–3 V. During
electrodeposition, the copper on the anode surface is oxidized to
Cu2+, which triggers the formation of copper-alginate hydrogel

FIGURE 1
A custom-made transparent microfluidic system with integrated copper (Cu) plate electrodes, placed between PMMA layers separated by a PTFE
sealing film that formed the shape of a channel (A). The schematic representation of the mechanism of formation Alg-Cu hydrogel on anode surface by
electrodeposition method (B).
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(further abbreviated as Alg-Cu) on the anode surface. After each
deposition step, the electrode was disconnected from the power
supply and the microchannel was rinsed several times with alginate-
free aqueous Na2SO4 solution and finally with pure water to remove
unbound molecules. So fabricated electrode (coated with Alg-Cu
hydrogel) was left in the microdevice housing and stored in aqueous
medium at room temperature for further use. To determine the total
amount of Cu ions cross-linked in the hydrogel, the hydrogel films
were dissolved in EDTA (10 mM) and analyzed by AAS.

The electrodeposition process of alginate hydrogel was
simulated by computational fluid dynamics (CFD) simulations
using Ansys FLUENT 2022 R2. The detailed structure of the
model is presented in our earlier study (Ambrozic et al., 2024),
with important information provided in Supplementary Material.
The first step in the construction of the CFDmodel was the design of
the microchannel geometry and its meshing. Subsequently, the
distribution of the electrical potential throughout the
microchannel was simulated, considering the experimental
conditions (2 V) at a specific current density (1–5 A/m2). The
obtained concentration profiles were correlated with the
experimentally determined hydrogel thickness at specified time
interval, which allowed the estimation of the kinetic parameters
of the redox reaction and especially gel formation. The estimated
values were then used for all further simulations and predictions,
providing a comprehensive approach to understanding the complex
processes occurring within the microfluidic system, which is crucial
for optimizing the process conditions.

2.4 Alg-Cu hydrogel characterization

The hydrogels morphology was analyzed by field emission
scanning electron microscopy (SEM). For this purpose,
electrodeposition was performed at constant current density (1, 2,
3.5 and 5 A/m2) for a specific period of time (30, 60 and 120min) with
typical voltages of 2–3 V. Prior to the measurements, all samples were
freeze-dried in liquid nitrogen and coated with gold sputter. Scratch
analysis and the thickness of the hydrogel films were analyzed using a
high-speed optical microscope (Motion Scope) and a thickness gage
(Mitutoyo Absolute Digimatic Height Gage), respectively.

Chemical analysis of the hydrogel films was performed by
Fourier transform infrared spectroscopy (IR spectrometer
Spectrum BX FTIR Perkin-Elmer) in the wavelength range
4,000–500 cm−1.

The copper concentration was determined by atomic absorption
spectrometry (AAS). First, Cu calibration curve (Supplementary
Figure S1) was constructed to determine the concentration-
absorbance relationship required for the quantitative
determinations. Calibration curves with at least five points within
the expected concentration range were constructed for all
experiments.

2.5 Synthesis of 1-benzyl-4-phenyl-1H-
1,2,3-triazole in microfluidic device

Benzyl azide (160 mg, 1.2 mmol) and phenylacetylene
(102 mg, 1.0 mmol) were mixed with a solution of water and

ethanol (1:1) (20 mL) to obtain a homogeneous, stable white
emulsion. The mixture was filled into a stainless-steel syringe,
inserted into pump (PHD 4400 Syringe Pump) and connected to
the microfluidic device by suitable fittings. The flow rate of the
solution was adjusted to the desired value (5–20 μL/min) and the
reaction was initiated by simultaneously contacting the reactant
mixture with the catalytic sites of the Alg-Cu hydrogel. Note that
the Alg-Cu hydrogel was formed in the previous step (120 min at
3.5 A/m2). All experiments were performed at room temperature
and the eluate was collected in the microfluidic outlet. The triazole
product was extracted from the resulting mixture with ethyl
acetate (3 × 50 mL). The combined organic phases were dried
over sodium sulphate and the solvent was removed under reduced
pressure to give the pure 1-benzyl-4-phenyl-1H-1,2,3-triazole
product. 1H NMR of 1-benzyl-4-phenyl-1H-1,2,3-triazole
(CDCl3, 500 MHz): δ 7.81–7.78 (m, 2H), 7.66 (s, 1H),
7.42–7.30 (m, 8H), 5.58 (s, 2H). Spectroscopic data are in
agreement with the literature (Alonso, Moglie, Radivoy and
Yus, 2010).

Additionally, the conversion into to the 1-benzyl-4-phenyl-1H-
1,2,3-triazole product was determined from 1H NMR by using 1,3,5-
trimethoxybenzene as an internal standard. Namely, the conversion
into the product was determined by comparing the integrals of the
characteristic resonances of 1-benzyl-4-phenyl-1H-1,2,3-triazole
product, i.e., δ 7.81–7.78 ppm (m, 2H), 7.66 ppm (s, 1H),
5.58 ppm (s, 2H), with the integrals of the resonances of an
internal standard 1,3,5-trimethoxybenzene, i.e., δ 6.10 ppm (s,
3H) and 3.77 ppm (s, 9H). The conversions into 1-benzyl-4-
phenyl-1H-1,2,3-triazole of 120 min, 60 min flow reactions were
determined to be 99% and 55%, respectively (see Supplementary
Figures S2, S3 for NMR spectra).

2.6 Synthesis of 1-benzyl-4-phenyl-1H-
1,2,3-triazole in batch

The batch experiment was performed in a 50 mL glass baker.
Initially, the Alg-Cu hydrogel was formed using a disc-shaped
copper electrode system with a working area of 5 cm2 connected
to a DC power supply (2,400 Sourcemeter, Keithley). The Alg-Cu
hydrogel was deposited onto the anode surface from an alginate
solution (1.0% w/v alginate, 100 mM Na2SO4) under constant
conditions (120 min at 3.5 A/m2). Subsequently, the hydrogel
was washed extensively with buffer solution. The hydrogel-coated
electrode was placed in a reaction vessel to which benzyl azide
(160 mg, 1.2 mmol), phenylacetylene (102 mg, 1.0 mmol) and 20 mL
of water-ethanol mixture (1:1) were added. The reaction vessel was
placed on a magnetic stirrer and the reaction mixture was stirred for
2 h at room temperature. After completion of the reaction, the
product was filtered to remove undissolved moieties. The resulting
mixture was extracted using ethyl acetate (3 × 50 mL), the combined
phases were dried over sodium sulphate and the solvent was
removed under reduced pressure to obtain the crude product,
which was analyzed by 1H NMR to determine the conversion to
1-benzyl-4-phenyl-1H-1,2,3-triazole as described above in Section
2.5. The conversion to 1-benzyl-4-phenyl-1H-1,2,3-triazole was
determined to be 10% (see Supplementary Figure S4 for
NMR spectra).
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2.7 Model development

The aspect ratio of the microfluidic system (Figure 1) suggests
that the influence of the small side surfaces on the velocity profile is
negligible. This allows for the development of 2D model equations
for substrates and products within the liquid and gel microreactor
domains. The equations for the mass balance with suitable boundary
conditions for the substrates and the product in the liquid phase
with stationary unidirectional laminar flow of a Newtonian fluid are
as follows:

−ux y( ) ∂Ci,l

∂x
+ Dil

∂2Ci,l

∂x2
+ Dil

∂2Ci,l

∂y2
� 0 (1)

with appropriate boundary conditions:

Ci,l 0, y( ) �
Ci,l,in; i � PA
Ci,l,in; i � BA;
0; i � P

⎧⎪⎨
⎪⎩ hg ≤ y ≤H;

∂CFi,l

∂x
L, y( ) � 0; hg ≤ y ≤H;

∂Ci,l

∂y
x, 0( ) � 0; 0≤ x ≤ L; − Di,l · L ·W ∂Ci,l

∂y
x, hg( )

� −Di,g · L ·W ∂Ci,g

∂y
x, hg( ); 0≤ x ≤ L; (2)

and for substrates and product in the gel phase:

Di,g
∂2Ci,g

∂x2
+ Di,g

∂2Ci,g

∂y2
− kcat CPA,gCM,g � 0 (3)

with boundary conditions:

∂Ci,g

∂x
0, y( ) � ∂Ci,g

∂x
L, y( ) � 0; 0≤ y ≤ hg;

∂Ci,g

∂y
x, 0( ) � 0; 0≤ x ≤ L;

Ci,g x, hg( ) � Ci,l x, hg( ); 0≤ x ≤ L; (4)

In Equations 1–4, L [m] is the length andW [m] is the width of
the microsystem between the two plates, the thickness of the single
gel layer is hg, and the height of the liquid flow is H − hg [m]. The
ux(y) is the velocity profile of the aqueous laminar flow (Poiseuille
flow). The Ci,l (mol m−3) is the concentration in the liquid phase,
while Ci,l,in is the inlet concentration, where the subscript i denotes
the substrates phenylacetylene (PA), Benzyl azide (BA), and the
triazole product (P). The Dil (m

2 s−1) are the diffusion coefficients of
both the substrates and the product in the liquid phase (the
estimated values: DPAl � 0.97 10−9, DBAl � 0.83 10−9, DPl �
0.67 10−9), and Dig (m

2 s−1) are effective diffusion coefficients of
substrates and product in the gel phase with estimated values in the
range 10−10. The kcat is the reaction rate constant for the second
order catalytic reaction with an estimated value of 0.49 10−5 (m3

mol−1s−1) at a Cu catalyst concentration of 11.22 mM.

3 Results and discussion

The innovative integration of Alg-Cu hydrogels into a
microfluidic framework to catalyze the dipolar [3 + 2]
cycloaddition reaction exemplified the synthesis of triazole,
i.e., 1-benzyl-4-phenyl-1H-1,2,3-triazole, from benzyl azide and
phenylacetylene. Such an approach enables process intensification

through unique stimuli responsive features that combine in situ
catalyst fabrication with model click reaction operating in
continuous/flow regime. Since the Alg-Cu catalyst is the most
important transformation vehicle, its detailed characterization
was performed first.

3.1 In situ Alg-Cu formation by
electrodeposition method

The first step to achieve this goal was the immobilization of
copper ions in a polymeric alginate network. In doing so we
employed advanced electrodeposition method coupled with a
microfluidic device that enables precise deposition control. The
copper electrodes were subjected to an electric potential, whereby
elemental copper is oxidized on the anode surface, resulting in a
controlled release of Cu2+ ions. The Cu2+ ions interact with free
alginate chains from the solution, resulting in the formation of a
gel layer on the anode surface. The thickness of the hydrogel can be
adjusted by the electrodeposition conditions, such as current
density and deposition time. As a result, the copper
concentration trapped in the hydrogel network also changes
and depends on both conditions. The electrodeposition
experiments were conducted at a constant flow rate of the
alginate solution (200 uL/min) for different time intervals (from
10 min to 120 min) and current densities (1, 2, 3.5 and 5 A/m2). As
demonstrated in our previous work, the longer the time and
current density, the thicker the hydrogel. The same was
observed here. The evolution of the hydrogel thickness, shown
in Figure 2, was analyzed using a high-speed optical microscope. It
was found that all samples showed a similar tendency, namely,
rapid growth in the initial phase and then slowing down as they
approached a steady state. The hydrogel thickness obtained ranged
from 200 to 500 μm, depending on the current density used. It is
evident that Cu oxidation and the resulting deposition process are
more effective at higher electric current. Nevertheless, it is
important to emphasize that the thickness and volume of the
hydrogel change significantly when it is not in an aqueous medium,
resulting in drying of the gel (data not shown). To ensure complete
hydration of the hydrogels and prevent drying, all gels formed were
stored in a microfluidic device filled with a buffer solution.

In the next step, the electrodeposition process was simulated
using a CFD model. First, the distribution of the electrical potential
throughout the microchannel was simulated (Figure 3A), reflecting
the experimental conditions with a voltage between cathode and
anode of 2 V at a current density of 3.5 A/m2. The electrical potential
gradient propagates from a positive value at the anode surface to a
negative value at the cathode surface and shows a fairly symmetrical
distribution over the channel height. Due to exclusion effects, the
electrical potential reaches zero in the middle of the channel.
Subsequently, the temporal evolution of the hydrogel growth
during the deposition process was investigated. The
representative concentration distributions of the hydrogel over
the channel height at the beginning and at the end of the process
are shown in Figure 3B. As expected, the concentration decreases
with increasing distance from the anode and reaches an equilibrium
state after a certain time (timestep = 100). The simulation reflects the
experimental values, with the thickness of the hydrogel formed
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approaching half the channel height. In addition, the hydrogel
thicknesses at the individual deposition times (measured at the
point where the hydrogel concentration still changes relative to the
bulk concentration) were compared with experimentally determined
values (high-speed optical microscope image–Figure 2B), allowing
kinetic parameters for hydrogel growth to be determined. The
reaction rate constants were then used for all subsequent steps
and validated with experimental data at different current densities
and deposition times. Good agreement between experiments and

simulation was achieved, highlighting the utility value of the method
(especially for the later stage of process development).

3.2 Characterization of the Alg-Cu hydrogels

To analyze the chemical structure and morphology of the
hydrogels formed, the samples were frozen in liquid nitrogen and
then lyophilized at −40°C. The FT-IR spectrum of Alg-Cu hydrogels

FIGURE 2
The time evolution of hydrogel thickness on an anode surface (A) at different current densities (1, 2, 3.5 and 5 A/m2) and representative figure of
formed hydrogel analyzed with a high-speed optical microscope (B). The color of hydrogels changes from light blue to dark blue (C) when time and/or
current density was increased. For improved resolution batch experiments are shown in figures (C).

FIGURE 3
The simulation of electric potential through the microchannel height (A), and evolution of the concentration profile during the electrodeposition
process at various time frames of deposition process (B). One timestep corresponds to approximately 1 minute in real experiments. The CFD simulations
were performed using Ansys FLUENT.
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prepared at different current densities (2, 3.5 and 5 A/m2) is shown
in Figure 4. The IR spectrum of pure alginate is also shown for
comparison. The FT-IR spectra of alginate and dried Alg-Cu
hydrogels showed several peaks with the same wavenumber.
Thus, characteristic peaks of carboxylate group COO- (symmetric
stretching vibrations at 1,605–1,625 cm−1 and 1,414 cm−1), hydroxyl
groups (broad peak at 3,350 cm−1), C-H bond (stretching vibrations
at 2,930 cm−1 and 882 cm−1) and ethers linkages C-O-C (symmetric
stretching vibrations at 1,030 cm−1) were observed. A similar
spectrum of related products was observed elsewhere (Bahsis
et al., 2020; Fraczyk et al., 2020). In addition, the Alg-Cu
spectrum shows more distinct peak at 620 cm−1, which is
probably due to Cu-O interactions that were not present in the
spectrum of sodium alginate. Furthermore, after the crosslinking
process, the spectral band corresponding to the asymmetric
stretching vibration of COO- shifted downward (from 1,625 cm−1

to 1,605 cm−1 for Alg and Alg-Cu, respectively). Similar was reported
elsewhere (Bahsis et al., 2020). The characteristic peaks for COO-
groups (1,605 cm−1 and 1,414 cm−1) were also less pronounced
compared to pure alginate, indicating their involvement in the
coordination process through electrostatic interaction between
the alginate chains and copper (II) ions. Copper (II) ions serve as
crosslinking agents as they enable the guluronic acid units of the
alginate polymers to effectively capture divalent cations. This
observation confirms the successful crosslinking of the alginate
polymer with copper ions. Due to the enhanced Cu-Alg
interactions, the intensity of this characteristic peak of hydroxyl
groups decreased with higher current density, resulting in an
increased number of metal-polymer interactions. Finally, as the
gelation process progressed (at higher current densities), fewer
expressed peaks were observed, which is typical for more
crosslinked samples. Therefore, it is hypothesized that a higher
concentration of Cu2+ may be formed during a more intense
electrodeposition process, resulting in a denser hydrogel
structure. This assumption was later confirmed by AAS analysis.

To evaluate the morphology of the hydrogels, SEM analyses
were performed next. The SEM images, particularly evident in
Figure 5, show a highly intricate porous structure characterized

by a multitude of crosslinks, which are crucial for the mechanical
integrity and functionality of the hydrogels. Notably, the average
diameter of the surface pores was in the range of a few nm, while the
average diameter of the interconnected pores was ranging from
200 nm to a µm scale, illustrating the ultrafine nature of these
structures. This variation in pore size indicates a well-organized
porous network that can support diverse biological and chemical
applications by facilitating varied molecular interactions.

The morphology of the hydrogel is consistent with results
reported elsewhere (Baig and Varma, 2013; Bahsis et al., 2020),
suggesting a common structural paradigm in hydrogel formation.
SEM analysis further demonstrated that the hydrogels possess a highly
permeable structure. This permeability is essential for the rapid
diffusion of small molecular entities, such as benzyl azide (BA)
and phenylacetylene (PA), through the gel matrix. The effective
adsorption and desorption of copper ions (Cu) within these
hydrogels is particularly noteworthy as they play a decisive role in
the overall activity of the hydrogel/catalyst. The ability of the
hydrogels to efficiently channel these metal ions through their
structure without compromising their integrity or functionality
underscores their potential utility as catalysts for click
cycloaddition reactions.

The catalytic activity of Alg-Cu hydrogels is due to the immobilized
copper species. The higher the Cu concentration, the more stable the
hydrogel. In addition, higher Cu loading improves the activity of the
catalyst as more active sites are available for the copper-catalyzed
reaction between BA and PA molecules. Accordingly, the Cu
concentration within hydrogel was examined by AAS method. The
hydrogels were prepared according to the method described above with
different electric current densities (1–15 A/m2) and electrodeposition
times (30–120 min). Afterwards, the hydrogels were completely
dissolved in EDTA solution (100 mM), as EDTA acts as a strong
chelating agent for various metallic cations, including copper. The
results of the measured Cu concentrations are display in Figure 6 and
demonstrates near perfect linear correlation. This is especially true for
the samples prepared with different current densities. Obviously, the
higher the current density, the more Cu ions are coordinated in the
hydrogel. On the other hand, a certain linear trend is also observed with
increasing duration of electrodeposition, although a deviation from
linearity was observed at longer durations (120 min). A similar trend
was observed for the thickness of formed hydrogels (Figure 2). Namely,
a linear growth at shorter deposition time followed by a slower growth
at longer deposition. We assume that diffusion limitation, due to
gelation process, was reached at this point reducing the electric
potential further away from the electrode. Nevertheless, the
relationship and correlation obtained allow fine tuning of catalyst
molarity and thus its activity by external electrical stimuli according
to the application requirements. Needless to say, that this feature gives
an enormous advantage for niche-oriented industrial-based
applications and can also serve to optimise the loading of the catalyst.

3.3 Catalytic activity of Alg-Cu catalyst for
click reaction, copper-catalyzed azide-
alykne cycloaddition (CuAAC)

The first goal, the formation and immobilization of a stable and
active Cu-based catalyst for catalytic dipolar cycloaddition reactions

FIGURE 4
The FT-IR of neat alginate (A) and Alg-Cu hydrogels prepared at
various current densities: 2 A/m2 (B), 3.5 A/m2 (C), and 5 A/m2 (D).
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within a microfluidic system, was thus successfully accomplished.
Naturally, the next step involved the implementation of model
reaction using two commonly applied substrates for CuAAC,
namely, benzyl azide and phenylacetylene (Figure 7). Initially, the
Alg-Cu hydrogel was formed in situ within the microfluidic devices
by electrodeposition process, using 3.5 A/m2 for 120 min. The
alginate solution was constantly pumped through at a flow rate

of 200 uL/min. The microchannel was then washed extensively with
aqueous buffer solution (100 mM Na2SO4) to remove all unbound
alginate molecules. Finally, the mixture of BA and PAwas added to a
syringe pump and connected to the inlet of the microreactor. By
changing the flow rate (5 and 10 μL/min), the residence time was
adjusted accordingly (from 1 h to 2 h). The eluate was continuously
collected at the outlet of the microfluidic device.

FIGURE 5
SEM images of Alg-Cu hydrogels before (A) and after (B) the copper-catalyzed azide-alykne cycloaddition (CuAAC) reaction at various resolution.

FIGURE 6
The Cu concentration as a function of current density (A) and deposition time (B) during electrodeposition process. Note that constant deposition
time (120 min) was selected for experiments with varying current density, while constant current density (5 A/m2) was selected for experiments with
varying deposition time.

Frontiers in Chemical Engineering frontiersin.org08

Ramšak et al. 10.3389/fceng.2024.1434131

https://www.frontiersin.org/journals/chemical-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fceng.2024.1434131


The experiments began with the intention of transferring the
model reaction from the batch to the flow system (microreactor).
The use of a constant flow feed in a microfluidic device offers several
advantages for mass transfer over batch operations. In continuous
flow systems, reactants are continuously supplied and removed,
minimizing concentration gradients and improving mass transfer
efficiency. This continuous feed ensures a steady supply of reactants
to the catalytic sites, maintaining high reaction rates and reducing
mass transfer limitations caused by decreasing reactant
concentration (as the reaction progresses). In addition, the
laminar flow in the microchannels allows for well-defined
conditions, which are crucial for reaction control and
mechanistic studies (model-based design). In addition, special
focus was oriented towards green and sustainable reaction
conditions. A mixture of water and ethanol was selected as the
solvent, which combines a green component and improved
miscibility between the water and organic phase. The latter is
particularly important to ensure sufficient mass transfer, which
could be a limiting factor in such a two-phase reaction. All
experiments were carried out at mild reaction condition (room
temperature and normal pressure). The residence time of the
reaction mixture was initially set to 1 h (flow rate 10 μL/min).
The NMR analysis of the eluate (Supplementary Figure S2) shows
that the use of the Alg-Cu hydrogel led to a regioselective synthesis
of 1,4-disubstituted 1,2,3-triazole with 55% conversion to product.
Although the result was encouraging, especially when compared to
the related literature protocols (Reddy et al., 2007; Baig and Varma,
2013; Bahsis et al., 2020), there was still room for improvement.
Accordingly, the flow rate of the reaction mixture was reduced to
5 μL/min, resulting in a doubling of the residence time. As a result,
an excellent conversion to triazole was achieved, namely, 99%. To
evaluate the efficiency of the Alg-Cu catalyst, the turnover number
(TON) was calculated, considering Cu loading, the molarity of the
reagents and the conversion achieved. Note that Cu loading in each
hydrogel was estimated based on correlation display in Figure 6,
assuming a constant deposition time of 120 min and current density
of 3.5 A/m2. With longer residence time, the TON almost doubled.
Due to microfluidic geometry, diffusion in the liquid phase and
associated mass transfer limitations can be neglected, which means
that diffusion through the gel layer and the kinetics of the catalytic
reaction primarily determine the reaction rate. Both mechanisms
were evaluated using the mathematical model described in
Section 2.7 and discussed in the following paragraphs.

Nonetheless, to put these results into perspective, batch
experiments at the same residence time, namely, 2 h, was
performed next. For this purpose, Alg-Cu was formed on a
cylindrical Cu electrode under the same electrodeposition
conditions to ensure comparable Cu loading. The hydrogel-
coated electrode was placed in a flask and the reagents were
added with a solvent solution. After the same reaction time (2 h),
the sample was analysed for the formation of triazole. However, only
a conversion of 10% was detected at this elevated reaction time. We
assume that the main reason for the observed discrepancy,
compared to flow system, was the mass transfer restriction due
to batch operation. The results therefore unambiguously confirm the
positive effects of the continuous operation, which are emphasised
by the process intensification using microfluidic device.

To demonstrate the efficiency of our catalytic system compared to
the other catalytic systems reported in the context of CuAAC, the
comparative results of copper-catalyzed cycloaddition as a model
reaction are summarized in Table 1. The results highlight the
efficiency of proposed system, leading to near complete conversion
to the desired product with a significantly reduced reaction time and
in many cases also with a lower amount of copper required.
Consequently, the TON of our system (entry 2) was superior to
almost all others, comparable to the Cu(I)-cellulose catalyst and
slightly worse than only Cu(II)-poly (hydroxamic acid) catalyst.
However, in the case of Cu(I)-cellulose catalyst, copper in the
desired Cu (I) oxidation state was utilized, which is somewhat less
stable and therefore much less durable and useful. The experiments
with Cu(II)-poly (hydroxamic acid) catalyst, on the other hand,
require higher temperatures. In addition, both systems resulted in
slightly lower conversions. More importantly, however, our system
operates in the flow regime, with themicrofluidic setup ensuring no or
minimal diffusion limitation in the liquid phase under steady-state
conditions. Finally, we assume that copper located at or near
interfacial surfaces primly participates in the catalytic reaction,
which means that the bulk of the copper is intact. This reduces
the required amount of Cu and its TON, but also ensures the required
strength of the hydrogel, crucial for its stability and reusability.

3.4 Recovery and reusability of the catalyst

For the practical application of such heterogeneous systems, the
lifetime of the catalyst and the degree of its reusability are very

FIGURE 7
Alg-Cu based catalysed [3 + 2] cycloaddition reaction of benzyl azide and phenylacetylene.
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important factors. To address this issue, a series of experiments were
performed for the cycloaddition of BA and PA using the recycled
Alg-Cu catalyst. All experiments were performed under the same
conditions as for entry 2 in Table 1. After completion of the first
reaction, the microreactor was washed extensively and stored in a
solvent (ethanol-water 50:50) for further use. A fresh reaction
mixture was then introduced to microreactor inlet and the
reaction protocol was repeated under the same conditions.
5 cycles were performed with the same catalyst without any
significant change in its activity. Conversion rates remained
consistent over five cycles, demonstrating the catalyst’s stability.
In addition, the hydrogels were subjected to FT-IR analysis after the
fifth cycle and compared with the freshly prepared hydrogel
produced by the same process. Apart from a slight decrease in
peak intensity in the FT-IR spectra (Supplementary Figure S5), no
visible changes were observed, further confirming the recyclability of
the catalysts. It is expected that all immobilized copper can
participate in the catalytic reaction, i.e., the reaction is not
limited to the surface of the hydrogel; rather, the entire gel
volume can participate in catalysis. Although this leads to an
additional transport limitation (diffusion through the hydrogel
layer), it also ensures a high concentration of active sites.
Therefore, even if some Cu was diluted from the hydrogel
between repeated cycles, this did not affect the catalytic activity.
Nonetheless, Cu leaching was determined by AAS analysis of the
catalyst before and after the fifth reaction cycle. The Cu
concentration decreased slightly, from 0.56% to 0.49% before and
after the reaction. Although some decrease was observed, the
leaching of Cu was very moderate. Interestingly, no Cu was
detected in the eluate flow after completion of the reaction,
indicating that its concentration was below the detection limit.

Subsequently, the SEM image of the catalyst obtained after the
fifth reaction cycle was analysed. No significant change in the Alg-
Cu morphology was observed (Figure 5B), indicating the retention
of the intrinsic porous structure after recycling, which is vital for the
preservation of catalytic activity. It should be noted, however, that
the pore size and morphology of the hydrogel observed in the SEM
may not fully reflect its structure in the reaction mixture. Finally, the
high catalytic activity, ease of preparation and modification, and
notable recyclability of the Alg-Cu hydrogel make this catalyst an
excellent candidate for various environmental applications.

The proposed system, based on Alg-Cu catalysts immobilized in
microfluidic systems, thus represents a significant advance in the
synthesis of fine chemicals through green chemistry. By employing
Cu-alginate hydrogels as the copper source for catalysis in
microfluidic flow-through systems, this approach leverages the
benefits of microfluidics to increase productivity and process
intensification. In particular, microfluidic systems enable
controlled, continuous flow regimes that ensure consistent
reaction conditions, leading to higher productivity and efficiency
in chemical synthesis. The microfluidic environment enhances
reaction kinetics and mass transfer, which are critical for rapid
and efficient chemical reactions. In addition, the unique properties
of alginate, a natural biopolymer, facilitate the immobilization of
copper ions, which enhances catalytic activity while adhering to the
principles of sustainable chemistry through the use of renewable
resources. The ability to precisely control the formation of the
hydrogel by electrodeposition in microchannels enables tailored
catalytic properties and optimizes both the chemical reaction
process and the reusability of the catalyst. This innovative
integration not only streamlines the synthesis process, but also
minimizes waste and energy consumption, compared to the use

TABLE 1 Comparison of the click chemistry of 1,4-disubstituted−1,2,3-triazoles by our protocols with other catalytic methods.

Entry Catalyst Cu loading
[mol%]

Conditions Time
[h]

Conv.
[%]

TON Ref.

1 Cu(II)-alginate 0.6 H2O:EtOH 1:1, r.t., flow 1 55 98 This work

2 Cu(II)-alginate 0.6 H2O:EtOH 1:1, r.t., flow 2 99 190 This work

3 Cu(II)-alginate 0.5 H2O:EtOH 1:1, r.t., batch 2 10 15 This work

4 Cu(II)-alginate 2.0 H2O, r.t., batch 24 95 24 Bahsis et al. (2020)

5 Cu(II)-alginate dried 2.0 H2O, r.t., batch 48 93 23 Bahsis et al. (2020)

6 Cu(II)-alginate 21 H2O, r.t., batch 18 98 4.6 Reddy et al. (2007)

7 Cu(II)-cellulose 1.2 H2O, r.t., batch 12 96 40 Bahsis et al. (2018)

8 Cu(I)-cellulose 0.14 H2O, r.t., batch 4 93 332 Mandal et al., 2017

9 Cu(II)-poly (hydroxamic
acid)

0.1 H2O, 50°C, batch 4 91 910 Mandal et al., 2017

10 Cu(II)-chitosan n.d.a H2O, r.t., batch 4 99 ~75 Baig and Varma
(2013)

11 Cu(II)-polyethylenimine 5 H2O, r.t., batch 24 98 12 Ben El Ayouchia et al.,
2019

12 Cu(II)-PEG-PSb 5 H2O, N2, r.t., sodium ascorbate (10 mol
%), batch

12 97 9.7 Pan et al., 2017

aNot determined in mol%, given as CuSO4-chitosan (5 mg).
bPEG-PS, poly (ethylene glycol)-polystyrene.
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of free copper salts, representing a substantial step towards more
sustainable and efficient chemical production.

3.5 Model based simulations

Finally, the model-based design described in detail in section 2.7
was used to predict reaction kinetics and transport phenomena. The
model assumes convective and diffusion mass transfer, diffusion
through the gel layer and a second-order catalytic reaction, with
kinetic constants derived from variable experimental conditions.
The model enables the integration and evaluation of various
complex behaviors in microfluidic systems and provides a
theoretical framework for understanding and optimizing catalytic
reactions in the design of sustainable chemical processes. Such a
model-based design facilitates the development of complex
heterogeneous reactions and provides a mechanistic approach to
system optimization and control.

Since only limited experimental data was obtained for our
system so far, some of the required parameters were determined
as fitting parameters. Based on the reaction mechanism (Figure 7), a
second order catalytic reaction was assumed and the value of the
reaction kinetic constant was fitted to the experimental data. Based
on the best fit, the kinetic constant was set to 0.49 · 10–5 [m3 mol-
1 s–1]. Furthermore, the diffusion coefficient in the liquid phase was
estimated based on the Scheibel and Wilke-Chang correlations
(Milozic et al., 2014), while the diffusion coefficient in the gel
phase was assumed to be 10 times lower (typically applied
estimate (Menegatti et al., 2024)). As shown in Figure 8, the
model predicts how the conversion of substrates to products is
affected by the residence time, which is adjusted by the flow rate of
the reaction mixture. As expected, the longer the residence time, the
higher the conversion. Although the predictions agree with the
experimental data, some discrepancy in the exact values was
observed. It should be noted that these predictions are only
preliminary and further investigations will be conducted in the
following phases of our research. Accordingly, batch experiments
will be performed to empirically determine the true kinetic
parameters. In addition, the effective diffusion in the gel layer
will be determined experimentally using a custom-built cell with
two tanks and a simplified and linearized derivation of Fick’s second

law for the diffusion calculation (Menegatti et al., 2024). This will
allow us to refine our model with actual data, enhancing its
predictive accuracy and reliability.

Although the model validation still requires some fine-tuning,
the simulated concentration profiles deliver the expected
concentration profiles. Namely, distinct concentration gradient
across the thickness of the gel can be seen, while the gradient
along the width of the channel for the liquid phase is much
smaller and almost negligible. The difference in the diffusion
coefficient in both phases is the main reason for the observed
differences. In addition to the diffusion into the gel layer, the
conversion is naturally also influenced by the kinetics of the
chemical reaction. To improve diffusion and reaction efficiency
in the hydrogel, we can optimize the electrodeposition conditions
to increase porosity, modify the composition of the hydrogel with
biopolymers or crosslinkers for a more open structure, and increase
the flow rate of reactants to maintain higher concentration
gradients. Time-scale analysis (TSA) is an innovative analytical
tool that defines the relevant process windows, reveals the
limiting phenomena (such as catalytic reaction, mass transfer)
and guides optimization (Jovanovic et al., 2021a; 2021b). It is an
engineering analytical tool and design approach in which all
processes, rates, fluxes, contact times or other dynamic
phenomena in the system are represented by their own
characteristic time, which adequately represents the rate/intensity
of each dynamic phenomenon in a chemical process. Moreover, the
characteristic times are controlled by users to enable meaningful
analysis of chemical processes and provide insights or suggestions
for successful design decisions. The initial results of the TSA analysis
indicate comparable effects of the two main mechanisms, i.e., gel
diffusion and reaction kinetics, on the conversion rate. However, a
more detailed analysis will be performed once further experiments
are conducted, allowing the determination of the optimal hydrogel
thickness for an optimal turnover number (TON).

4 Conclusion

This study has demonstrated the significant potential of copper-
alginate catalysts in enhancing the efficiency of 1,3-dipolar
cycloaddition reactions and other oxidative transformations. The

FIGURE 8
The evaluation of conversion as a function of residence time at kinetic constant set to 0.49 · 10−5 [m3 mol−1 s−1] (A). The concentration distribution in
gel phase (red) and liquid phase (blue) at residence time 60 min (B).
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integration of these catalysts into microfluidic systems provides a
sustainable and scalable strategy that enables precise control over
reaction conditions, including rapid transport phenomena and
optimized reaction kinetics. The microfluidic platform, combined
with stimuli-responsive materials such as copper-alginate hydrogels,
enables precise electrodeposition and tuning of catalytic properties
by adjusting copper content and gel morphology. The
characterization and optimization of Cu-alginate hydrogels and
their successful use in green catalysis demonstrate the potential
for the development of environmentally friendly methods for
organic synthesis. In addition, the reusability of the catalyst
underscores the practical applicability of this system, aligning
with the principles of sustainable chemistry.

This approach not only opens up new pathways for the
application of biopolymer-supported catalysts in organic
synthesis, but also exemplifies the value of microfluidic devices in
enhancing chemical process sustainability and efficiency. The results
suggest that copper-alginate catalysts in the context of microfluidic
technology represent a promising avenue for future research in
green chemistry and process intensification. Finally, the use of
advanced computational tools such as time scale analysis, CFD
analysis and mathematical modeling, further underscored the
benefits of model-based design. These tools allow for in-depth
simulations of fluid dynamics and reaction mechanisms,
providing insights that guide the optimization of catalyst
performance and microfluidic design. By leveraging such models,
researchers can predict the behavior of the catalytic system under
different conditions, enhancing process efficiency and minimizing
trial-and-error testing.
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