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a Department of Chemical Engineering and Technical Safety, Faculty of Chemistry and Chemical Technology, University of Ljubljana, Ljubljana SI-1000, Slovenia 
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A B S T R A C T   

Continuously operating heterogeneous catalytic reactors are an important step towards more efficient and 
controllable processes compared to batch operation. Ideally, reactors should exhibit high permeability with the 
catalyst having a high surface area to volume ratio to minimize the required amount. An example of such catalyst 
morphology are nanoparticles with a plate-like morphology. In this work, the catalytic reactor was prepared by 
depositing plate-like silver nanoparticles on positively charged high internal phase emulsion monoliths by 
exploiting their negative zeta potential. The silver nanoplates had an edge length of 63 nm and a thickness of 
13 nm with a sphericity factor of 0.548. The amount of deposited silver, determined from absorbance mea
surement and mass difference was 12.5 mg/ml and remained unaffected by the concentration of positively 
charged groups in the range between 69 and 110 mmol/l, demonstrating the robustness of the proposed 
approach. The permeability remained unchanged after silver deposition under flow due to the polymer micro
structure. The reactor was found to be stable under various elution conditions, even after prolonged catalytic 
reduction of 4-nitrophenol. The specific catalytic activity of silver nanoplates was 428 min− 1 g− 1, which is an 
order of magnitude higher than that of silver nanoparticles with cuboctahedra shape and one of the highest 
reported. The proposed approach can be applied to various types of catalytic nanoparticles by exploiting a va
riety of possible interactions.   

1. Introduction 

High permeability of the catalyst is very important for the prepara
tion of flow-through catalytic processes with high productivity [1]. To 
achieve rapid catalytic conversion, a large surface area is required, 
which is associated with a small size of the catalyst particles [2] and 
their morphology [3,4]. The combination of catalyst nanoparticles with 
an inert porous matrix seems to be the method of choice to prepare 
highly permeable catalytic reactors while minimizing the amount of 
required catalyst. There are several approaches to construct such cata
lytic reactors, either by in situ catalyst synthesis [5–12] or by depositing 
already pre-synthesized NP and stabilizing them by various interactions 
[13–15]. 

The matrix microstructure plays an important role in maintaining a 
high matrix permeability after catalyst loading. While the deposited 
catalyst inevitably decreases the porosity, the change in pore size should 

be as small as possible to avoid a substantial decrease in permeability 
[16]. With this in mind, high internal phase emulsion polymer (poly
HIPE) monoliths seem to be a good choice. PolyHIPEs are prepared by 
polymerization of high internal phase emulsions, also called gel emul
sions, generated by a catastrophic inversion mechanism [17]. Methac
rylates are commonly used for their preparation because of their simple 
post modification [18]. They were implemented for different applica
tions, among others also in catalysis [1,10,12]. Most of the polyHIPE 
pore surface area suitable for catalyst deposition is located within the 
large void pores [1,19,20], while the pressure drop has been shown to be 
mainly governed by the smaller interconnecting pores [21]. During in 
situ synthesis, silver nanoparticles (AgNP) are uniformly formed over 
the entire pore surface [11], including the interconnecting pores. 
Therefore, deposition of nanoparticles appears to be a better option, 
especially when loaded in a flow-through manner. In this way, the 
highest linear velocity within the matrix occurs in the interconnecting 
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pores, being much smaller than the void pores [22], so most nano
particles pass through them and preferentially adsorb on the surface of 
the void pores, where the shear forces are much lower. 

To design a high performance catalytic reactor, the morphology of 
the nanoparticles must be considered in addition to their size [23]. In 
this work, we focused on a catalyst based on silver metal nanocrystals, 
which has been extensively studied for the conversion of organic mol
ecules [24,25], conversion of CO2 to fuels [26,27], oxygen reduction 
reactions [28], redox reactions [29], and as a reducing agent in ATRP 
[30]. AgNPs can be prepared by various approaches in different sizes 
and morphologies [31–41]. As silver belongs to the Fm3m space group 
of the isometric cubic crystal system, when developed idiomorphically, 
it mostly crystallizes in the shape of a cube, octahedron, or most 
commonly, their combination. However, in all these morphologies the 
surface area to volume ratio is low and the sphericity factor ranges from 
0.905 for cuboctahedron to 0.806 for cube morphology [42]. On the 
other hand, the combination of two octahedra or cuboctahedra in 
twinning, especially in contact twinning according to the spinel law, 
forms a triangular or hexagonal plate-like morphology [43,44] whose 
size and thickness can be adjusted independently by tuning the synthesis 
conditions [45–50]. Because of their electric conductivity, light excita
tion results in colorful solutions, caused by the plasmonic effect, which 
can be used to monitor their concentration [51–53]. The UV–Vis 
absorbance peak maximum of the silver nanoplates colloid enables the 
estimation of their size to thickness ratio [45,47,54,55]. The plasmonic 
effect is widely used to prepare nanoscale optical [56–58], colorimetric 
[59], and environmental sensors [60], for surface enhanced Raman 
scattering (SERS) [61], photoacoustic imaging [62], cancer diagnosis 
[63], light-emitting devices [64], and nanoscale hotspot generation 
[65,66]. Furthermore, due to high surface to volume ratio and low 
sphericity factor they are also promising candidate for an efficient 
catalyst [3]. In addition to attractive morphology, their twin planes are 
combined with multiple stacking faults [67], causing high reactivity of 
those planes, resulting in high catalytic activity [68]. In practice it is 
difficult to determine the catalytic activity of colored AgNP colloids in 
batch reactors, because their UV–Vis absorbance spectrum can overlap 
with that of model dyes such as 4-nitrophenol (4-NP), which are 
commonly converted to study the catalytic activity of metal nano
particles, including nanoplates [69,70]. 

The aim of this work was to develop a platform approach for the 
preparation of a highly porous flow-through reactor with high catalytic 
activity. A functionalized polyHIPE support in combination with silver 
nanoplates was used as the proof of concept. Their negative zeta po
tential was utilized for adsorption on the polyHIPE matrix. The adsorbed 
amount was found to be independent on the density of positively 
charged groups. The catalytic activity was studied by the reduction of a 
common pollutant found in wastewater, namely 4-NP to non-toxic 4- 
aminophenol (4-AP). 

2. Materials and methods 

Polyvinylpyrrolidone K30 (PVP K30), boric acid (H3BO3), solution of 
1 M silver nitrate (AgNO3), 30% hydrogen peroxide H2O2, sodium hy
droxide (NaOH), trimethylamine hydrochloride (TMAHC), tris(hydrox
ymethyl)aminomethane (Tris), sodium chloride (NaCl), ethanol (EtOH), 
and trisodium citrate (Na3cit) were purchased from Sigma-Aldrich. 
Sodium borohydride (NaBH4) (Nokia Chemicals), 4-nitrophenol (4- 
NP) (Acros Organics). All chemicals were used as received without 
additional purification. Deionized (DI) water was filtered through a 
0.2 μm filter (cellulose nitrate, Sartorius) before use. 

2.1. PolyHIPE functionalization and characterization 

PolyHIPE monoliths with a matrix volume of approximately 0.5 ml 
were prepared and characterized for permeability and open porosity as 
described elsewhere [11,21]. Briefly, the epoxy groups of the polyHIPE 

polymer were converted to quaternary amine (QA) ionizable functional 
groups with a basic aqueous solution of TMAHC [71]. Different molar 
concentrations of TMAHC, namely 0.01, 0.1, 0.15 M, were adjusted to 
pH 11 with NaOH. Basic conditions favor nucleophilic attack via an SN2 
mechanism on the less substituted carbon as well as the predominant 
formation of the free base form of TMAHC, which increases the reac
tivity of the nucleophile (Scheme 1). Each polyHIPE sample was 
immersed in 10 ml of the corresponding solution for 4 days at 8 ◦C. Once 
functionalization was complete, samples were washed extensively with 
DI water for several days before further characterization. 

The pressure drop of the prepared polyHIPE-QA samples was 
measured using DI water at flow rates from 0.5 to 3 ml/min to calculate 
the permeability as described elsewhere [21]. Open porosity was 
determined by pulse injection experiments in triplets with 0.5 vol% 
acetone in 1 M NaCl according to the literature [21]. Briefly, the pulse 
response of the housing and samples was measured. The pore volume 
accessible to the mobile phase was calculated by subtracting the 1st 
moment of the empty housing from the 1st moment of the housing 
containing the polyHIPE-QA matrix. By dividing the calculated pore 
volume by the total column volume (CV), the flow-through porosity was 
determined. 

2.2. Quantification of QA group concentration 

The amount of QA groups present on the functionalized polyHIPE- 
QA was determined with a pH transition method as described in the 
literature [71]. Briefly, the measurements were performed on a high- 
performance liquid chromatography system (ÄKTA HPLC, Sweden) at 
a flow rate of 3 ml/min. The buffers used were 5 mM Tris/NaOH, pH 9.6 
(buffer A) and 5 mM Tris/NaOH, 1 M NaCl, pH 9.6 (buffer B). By 
changing the buffers stepwise, the pH transitions were obtained and the 
calibration curve from the literature [71] was used to calculate the QA 
group concentration. 

2.3. Silver nanoplates synthesis 

The synthesis was prepared according to the literature with minor 
modifications [72]. In a wide 1 l beaker 0.78 ml of 1 M AgNO3, 53 ml of 
30 mM H3BO3 [73–75], and 53 ml of 28 g/L PVP [76–78] were diluted to 
500 ml with DI water and stirred with a large Teflon magnet at 450 rpm. 
Then, 90 ml of a freshly prepared 10 mM NaBH4 in 1.2 mM NaOH so
lution was slowly added to form AgNP seeds, which caused a color 
change to yellow and orange. The reaction was left until all bubbles 
formed at the top disappeared. Meanwhile, a fresh solution of 3% H2O2 
[79–81] was prepared and slowly added after 10 min using a peristaltic 
pump (Masterflex, Cole-Parmer, USA) with a flow rate of 0.6 ml/min. A 
color change from light to dark orange, red, and finally purple was 
observed, indicating a change in AgNP morphology. The color change 
was monitored every 2 min by sampling, 11-fold dilution and mea
surement of UV–Vis spectra (Tecan, infinite M200Pro, Switzerland). It 
took about 50 min for the colloidal solution to turn purple, indicating 
the formation of silver nanoplates. The reaction was then continuously 
steered until 1.5 ml of 1 M NaOH was added to increase the pH from 
below 7 to 9 to stop the reaction and stabilize the colloid. The time for 
NaOH addition was chosen based on the following experiment: to 1 ml of 
the colloidal solution, 50 µl of 0.1 M NaOH was added and then the 
absorbance was measured. No difference in the spectra indicated the 
absence of Ag2O and the completion of the reaction. The beaker was 
then wrapped in Al-foil and stored at room temperature until use. 

2.4. Deposition of silver nanoplates on polyHIPE-QA columns 

100 ml of the silver nanoplates colloidal solution with a concentra
tion of 0.137 g/l (based on the absorption maximum) was circulated 
through the functionalized polyHIPE-QA monolith using the peristaltic 
pump at a flow rate of 1.75 ml/min. The colloidal solution was stirred 
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during loading. Every 10 min, 50 μl samples were taken, diluted 11-fold, 
and UV–Vis absorbance scans were measured. The decrease in absor
bance maximum allowed to monitor progress of the silver nanoplate 
loading. The flow was stopped once a steady state was reached. Finally, 
the polyHIPE-QA-AgNP monoliths were washed with DI water. Besides 
absorbance measurements, mass measurements (scale RC 210 D, 
Sartorius, Germany) of the wet monolith in triplets before and after 
deposition were performed to determine the quantity of catalyst 
deposited. 

2.5. Catalytic activity for the reduction of 4-nitrophenol 

The catalytic activity of the deposited silver nanoplates was deter
mined according to the literature [11]. Briefly, a solution of 0.4 mM 4- 
NP, 60 mM NaBH4 and 0.1 M NaOH with pH 13 to prevent NaBH4 
decomposition [82] and degassed to prevent oxidation of the in
termediates [83]. The solution was pumped through the polyHIPE-QA- 
AgNP matrix at different flow rates from 2.75 to 0.75 ml/min and the 
absorbance at 400 nm was monitored. A polyHIPE-QA was also 
measured, exhibiting no catalytic activity. Open porosity of polyHIPE- 
QA-AgNP samples was determined (see section 2.1) and residence 
time was calculated by dividing it with appropriate flow rate. 

2.6. Microscopy 

Centrifugation (mini spin, Eppendorf, Germany) at 12,000 G for 
20 min was used to induce settling of the particles. The supernatant was 
removed and DI water was added. The procedure was repeated 3 times. 
The sample holder for the scanning electron microscope (SEM) made of 
aluminum was previously sanded, polished and cleaned with EtOH, DI 
water and ultrasound for 10 s (ASonic, Slovenia). A drop of the 
concentrated colloidal solution was placed on a SEM holder and allowed 
to dry at 60 ◦C. The polyHIPE with deposited particles was first dried, 
then sanded into shape, washed with DI water, ultrasonicated for 5 s, 
dried in a stream of air, and mounted on a SEM holder using carbon tape 
(Nisshin em.co. ltd.). After drying at 60 ◦C, the samples were coated with 
a thin layer (10 nm) of carbon (PECS, model 682, Gatan). Then contacts 
were made with conductive silver paint (Agar scientific). Microscopy 
was performed with FEG-SEM (Verios 4G HP, Thermo Fischer Scientific, 
USA) and FE-SEM (Zeiss ULTRA plus, ZEISS, Oberkochen, Germany). 

3. Results and discussion 

To introduce positive charges on the polyHIPE matrix, appropriate 
chemical groups must be present after polymerization to allow func
tionalization. While plethora of different chemistries have already been 
used for their preparation [84], methacrylate polyHIPEs seem to be 
especially suitable due to the presence of epoxy groups that are easily 
converted into other functionalities [85]. Strong ion-exchange groups 
were chosen in this study, because they exhibit a constant charge over a 
wide pH range, thus ensuring system robustness. Positively charged 
quaternary amine (QA) groups were selected, due to a negative zeta 
potential of silver nanoparticles around neutral pH and above [86]. 
Although the modification procedures for the conversion of epoxide 
groups into QA groups are already well established [71], the precise 

determination of their amount in a noninvasive manner was introduced 
rather recently [71,87,88]. The determination is based on the pH tran
sition using two mobile phases with the same pH but different ionic 
strength [87,89]. When the groups present on a matrix have an ionizable 
character, they are titrated during the stepwise buffer exchange and 
cause a pH shift. It was demonstrated that the duration and height of the 
pH transition shift is linearly proportional to the amount of ionizable 
groups [71,88]. 

To investigate whether the amount of loaded silver catalyst depends 
on the concentration of QA groups, polyHIPE-QA samples with three 
different QA concentrations were prepared and evaluated by the pH 
transition method, as shown in Fig. 1. 

Fig. 1 shows that pH transitions of different heights were obtained for 
different polyHIPE-QA samples. Using the calibration curve developed 
recently for the same matrix type [71], the amount of QA groups was 
estimated to be 69, 101, and 110 mmol/l. The high group density in
dicates the possibility of strong silver nanoplate adsorption [86]. Before 
loading with silver nanoplates, polyHIPE-QA samples were extensively 
washed with DI water and weighed. Their permeability, determined by 
pressure drop measurements at different flow rates, was 3 × 10-14 m2. 
The open accessible porosity, determined by the pulse response using 
NaCl and acetone as the tracer, was around 80%. 

Silver nanoplates were prepared by a slow addition of H2O2 as 
described in Materials and method section. This approach allowed the 
preparation of silver nanoplates of the desired size and morphology by 
monitoring the UV–Vis absorbance of the colloid at different volumes of 
added H2O2. Over 3 l of silver nanoplates with a concentration of 
0.137 g/l were prepared. Their absorbance spectrum with added light 
spectrum, the calibration curve and the SEM image together with the 
estimated particle length and thickness with fitted Gaussian distribution 

Scheme 1. Reaction scheme for the synthesis of quaternary amine functionalized polyHIPE.  

Fig. 1. The pH transition profiles with corresponding conductivity for poly
HIPE bearing positively charged QA groups prepared with different concen
trations of TMAHC/NaOH reagent. Experiments were performed on a high- 
performance liquid chromatography system ÄKTA at a flow rate of 3 ml/min. 
The buffers used were 5 mM Tris/NaOH, pH 9.6 (buffer A) and 5 mM Tris/ 
NaOH, 1 M NaCl, pH 9.6 (buffer B). 

R. Mravljak et al.                                                                                                                                                                                                                               

http://em.co


Chemical Engineering Journal 449 (2022) 137869

4

are shown in Fig. 2. 
The absorbance spectrum shows a maximum at 559 nm (Fig. 2a), 

demonstrating a pronounced plasmonic effect [51]. The SEM image 
shows that the average nanoplate size was approximately 63 nm with a 
thickness of 13 nm, which is consistent with the measured absorbance 
peak [45,47,54]. The synthesized silver nanoplates have both triangular 
and hexagonal shapes in approximately the same ratio, resulting in an 
average sphericity factor of only 0.548. Therefore, they have a much 
higher surface area to volume ratio than other morphologies typical for 
AgNPs. For this reason, a higher specific catalytic activity is expected. 

Because of the high absorbance of the silver nanoplate colloid, we 
were able to monitor the loading process simply by measuring the 
decrease in absorbance. The calibration curve shown in Fig. 2b, 
measured at 559 nm for different nanoplate concentrations, showed a 
linear trend within a wide range of dilutions, allowing accurate on-line 
monitoring of the amount of loaded silver nanoplates. By centrifuging 
the colloid, drying and weighing, a direct correlation between absor
bance and mass concentration of silver nanoplates was established. 

Since the average size of the polyHIPE interconnecting pores is 
1.3 μm [21], while the average size of the silver nanoplates is only 
63 nm, they should be easily deposited on the matrix surface without 
pore clogging, thus ensuring uniform surface coverage. Typical absor
bance profiles measured during loading are shown in Fig. 3. The rapid 
initial decrease in absorbance indicates strong adsorption of silver 
nanoplates to the polyHIPE-QA monoliths, suggesting that this approach 
might result in the formation of a stable silver-based catalytic reactor. 

The same deposition procedure was repeated for all polyHIPE-QA 
monoliths with a different charge density. A good match was obtained 
for the loaded silver nanoplate mass estimated from the measured dif
ference in UV–Vis absorbance and weight difference before and after 

loading. The results for polyHIPE-QA saturated with silver nanoplates as 
a function of QA group concentration are shown in Fig. 4a showing that 
the mass of deposited silver nanoplates is independent of the QA group 
density. This indicates extremely strong binding, which has been re
ported for the adsorption of biological NP such as viruses [90]. This 
finding is important since it shows that even substantial variations in QA 
group density do not affect the amount of deposited silver nanoplates. 

After loading was completed, samples were washed extensively with 
DI water to remove unbound silver nanoplates still present in the 
polyHIPE-QA-AgNP pores. The permeability of the samples was then 
measured again and found to be unchanged for all samples. This in
dicates that very few, if any, silver nanoplates were adsorbed on the 
interconnecting pores, conclusion supported also by SEM images 
(Fig. 4b). Nevertheless, some decrease in permeability after loading is to 
be expected, since the deposition of silver nanoplates inevitably leads to 
a decrease in the total open porosity. The change in porosity can be 
estimated from the loaded silver mass. As shown in Fig. 4a, the average 
mass of loaded silver nanoplates was about 12.5 mg/ml. At a silver 
density of 10.5 g/ml [91], the loaded volume of silver occupying the 
pore volume is 0.6 μl. When the open porosity of polyHIPE is 0.8, the 
reduction in porosity by the introduced AgNP is only 0.15%. Because the 
permeability of polyHIPE monoliths is proportional to the porosity [21], 
the permeability is expected to decrease by the same percentage, which 
is too small to be detected experimentally. 

To verify the practicality of the prepared catalytic reactors, we 
decided to also investigate their stability. This was done by pumping a 
solution of 1 M Na3cit at pH 13 through the reactor. Citrate is known to 
bind to the octahedral {111} crystal faces of silver [74], therefore it 
might act as a displacer and desorb AgNP from the pore surface, a 
phenomenon that has been described in chromatography of large 

Fig. 2. (a) UV–Vis absorbance spectrum of 11-times diluted colloidal solution of silver nanoplate exhibiting peak maximum at 559 nm with light spectrum inset; (b) 
corresponding calibration curve at 559 nm; (e) SEM image showing spinel law twinned silver nanoplates with triangular and hexagonal morphology; (c) nanoplate 
edge length and (d) thickness counts with fitted Gaussian distribution estimated from SEM images. 
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macromolecules [92]. Moreover, at pH 13, even strong positively 
charged QA groups interactions are weakened [93], possibly facilitating 
desorption. To verify if AgNP desorption occurs, the silver reactor was 
washed by 20 ml of Na3cit solution (equivalent to 40 sample volumes) at 
the flow rate of 1 ml/min and the outlet absorbance at 559 nm was 
monitored. No changes were observed (data not shown). Furthermore, 

the reactor was immersed in the same solution and left for 3 days at 
room temperature. Again, there was no change in the absorbance at 
559 nm. From these results it was concluded that prepared catalytic 
reactors are stable and can be tested for catalytic activity. 

Catalytic activity was tested using an extensively studied model re
action of the reduction of 4-NP to 4-aminophenol according to the 

Fig. 3. (a) Loading progress of purple colloid of silver nanoplates onto positively charged polyHIPE columns showing a decrease in the UV–Vis absorbance spectrum 
maximum. Samples were regularly taken and absorbance was measured off-line. (b) calculated mass of deposited silver nanoplates loaded onto positively charged 
polyHIPE-QA versus deposition time estimated from absorbance maximum and calibration curve (Fig. 2b). 

Fig. 4. (a) Maximum amount of loaded silver nanoplates as a function of positively charged QA group density in mmol of QA groups per liter of polyHIPE estimated 
from absorbance difference after polyHIPE saturation, (b) representative SEM image of polyHIPE with loaded nanoplates, and (c) particle edge length count esti
mated from SEM images with fitted Gaussian distribution. 
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procedure described in details elsewhere [11]. The difference between 
the on-line absorbance of the solution measured at 400 nm at the reactor 
outlet and inlet allowed estimation of the 4-NP conversion. The flow rate 
of the reagent through the catalytic reactor, which defines the residence 
time for the reaction, changed, affecting the estimated conversion, as 
shown in Fig. 5a and 5b. Since NaBH4 was in high excess, pseudo-first- 
order reaction kinetics was assumed [11], which fitted well experi
mental data (Fig. 5b). From the fitting kinetics equation (conversion = e- 

kt), considering the amount of loaded AgNP catalyst, the apparent cat
alytic rate constant (kcat’), shown in Fig. 5c, was calculated for all 
samples. 

It can be seen that the specific catalytic activity was independent of 
the deposited AgNP mass, showing that the different QA group con
centration had no influence and that the proposed approach is robust. 
When comparing the values determined for a catalytic reactor with 
cuboctahedra morphology prepared by on-matrix synthesis using Toll
ens reagent [11], an order of magnitude higher catalytic activity was 
observed. This demonstrates the superiority of silver nanoplates in their 
catalytic activity, which was expected due to their low sphericity factor. 
However, the such large difference must also be attributed to higher 
reactivity, probably caused by the reactive twinned planes and stacking 
faults [36,68,94]. Comparison with some literature results where the 
same reaction for AgNP catalytic activity was investigated shows that 
the obtained value is one of the highest reported (Table 1). Significantly 
higher value was found only for 1-dimensional nanobelts determined in 
batch mode [99], while their application in a flow through might be 
challenging. Our results therefore indicate high potential of the pro
posed approach. 

Finally, long-term stability was tested by successive catalytic ex
periments over a period of one week. No change in activity was observed 
(data not shown), again confirming that despite the harsher conditions 
in the mobile phase, there was no washout of the silver nanoplates due to 
the application of the reagents, neither a decrease in their catalytic ac
tivity. This shows that the presented approach allows the preparation of 
a robust and stable catalytic reactors. 

Since the reaction rate for the tested catalytic reaction, can be 
approximated with a first order kinetics, the catalytic reactor produc
tivity (Pr) can be described as follows [11]: 

Pr = Cin

(
1 − e− kcat

′
mcat

Vc ε
F

) F
Vc 

where Cin is the inlet 4-NP concentration (g/ml), kcat’ catalytic rate 
constant (min− 1 g− 1), mcat AgNP mass (g), F flow rate through the 
reactor (ml/min), Vc reactor volume (ml), and ε the open porosity (/). 

For high flow rates, productivity rapidly approaches a plateau [11], 
which can be determined by taking the limit of the flow rate 

approaching infinity: 

Prmax = lim
F→∞

(

Cin

[
1 − e− kcat

′
mcat

Vc ε
F

] F
Vc

)

= Cinkcat
′

mcatε 

The expression for the limit shows that, as expected, the maximum 
productivity (Prmax) depends on the concentration of the inlet reagent, 
catalytic activity constant, catalyst mass, and interestingly, also on the 
porosity. This is an important conclusion since a typical value of porosity 
for particulate catalysts matrix is only about 0.36 [100], and even for 
most monolithic supports values of about 0.6–0.7 are reported [101]. 
Since polyHIPE monoliths retain mechanical stability even at a porosity 
of at least 0.9 [21], such porosity is already in the range of metallic 
foams, which however have much larger pores and thus a much lower 
specific surface area [102]. For this reason, polyHIPE monoliths seem to 
be an excellent support for the fabrication of tubular catalytic reactors 
with high permeability and productivity. 

Although the practical verification of the proposed principle was 
performed only on silver nanoplates, one can imagine that it can be 
easily extended to other catalysts of interest that exhibit such 
morphology and negative zeta potential, such as platinum [103], 
iridium [104], copper [105], gold [106,107], palladium [108], and 
rhodium [109]. Moreover, due to the versatility of polyHIPE surface 
modification and group density control [71], targeted interactions can 
be introduced to allow adsorption of other materials of interest, such as 
metal oxides which can be prepared with similar morphologies, like 
magnetite (Fe3O4) [110,111] and Al2O3 [112], but also other hierar
chical structures with low sphericity factor and therefore high surface 
area to volume ratio, such as multilevel branched TiO2 nanocrystals 
[113]. As demonstrated, the presented flow-through reactor maintains 
high permeability after catalyst loading and is therefore ideal for 
studying intrinsic catalyst properties even at high flow rates since there 
are no diffusion limitations. Furthermore, the amount of loaded catalyst 
can be precisely measured, the specific activity can be accurately 
determined, allowing for catalyst characterization and further 
optimization. 

4. Conclusion 

A simple method for the preparation of highly efficient catalytic 
reactors based on silver nanoplates was studied for the first time. The 
nanoparticles were pumped through the quaternary amine functional
ized polyHIPE matrix up to a total concentration of 12.5 mg/ml. The 
nanoplates with size of 63 nm provided catalytic activity that was one of 
the highest reported in literature reaching 428 min− 1 g− 1. Due to the 
peculiar matrix microstructure, no measurable change in permeability 
after silver nanoplates loading in a flow occurred, allowing simple 

Fig. 5. (a) Change in absorbance of 4-NP at 400 nm as a function of flow rate measured at outlet of polyHIPE-QA-AgNP catalytic reactor with 69 mmol/l QA groups; 
(b) 4-NP conversion fitted with first-order reaction kinetics as a function of residence time; (c) the average apparent catalytic constants for the polyHIPE-QA-AgNP 
catalytic reactors with different concentrations of QA groups. 
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design of the catalytic process, operating at high flow rates without 
pressure drop challenges. Despite non-covalent interactions between the 
polymer and silver catalyst, no elution was observed under any of the 
tested conditions, demonstrating the long-term stability and robustness 
of the prepared catalytic reactors. Since the surface properties of the 
polyHIPE pores can be adjusted, this support provides a universal matrix 
for the facile preparation of robust, highly permeable catalytic reactors 
with targeted selectivity that operate efficiently in a continuous flow- 
through process. This is further facilitated by flexibility of tailoring 
independently size of pore voids and interconnecting pores, adjusting 
therefore matrix to particular nanoparticle size. 
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[90] F. Smrekar, M. Ciringer, A. Štrancar, A. Podgornik, Characterisation of 
methacrylate monoliths for bacteriophage purification, J. Chromatogr. A. 1218 
(2011) 2438–2444, https://doi.org/10.1016/j.chroma.2010.12.083. 

[91] C.L. Yaws, The Yaws handbook of physical properties for hydrocarbons and 
chemicals : physical properties for more than 54,000 organic and inorganic 
chemical compounds, coverage for C1 to C100 organics and Ac to Zr inorganics, 
2nd ed., Elsevier, Gulf Professional Publishing, 2015. 
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