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Solid catalysts are important materials in the chemical 
industry and are used to facilitate chemical reactions in an 
energy-effective and selective way; this is why catalysis is 

involved in the production of >80% of all chemical products1,2. 
Solid catalysts come in many different shapes and sizes, but what 
they have in common is that they are often micrometre-sized, struc-
tured particles with a well-defined porosity. With increasing knowl-
edge available on the structure, composition and functioning of 
solid catalysts, we know that these complex, multi-component and 
hierarchical materials are generally heterogeneous in nature3,4. This 
inter- and intraparticle heterogeneity makes in-depth analysis of the 
catalyst material difficult by limiting the usability of bulk character-
ization methods, as well as by complicating single-catalyst particle 
analysis due to the lack of statistical relevance5. Therefore, appropri-
ate techniques should be developed that can perform single-catalyst 
particle screening in a high-throughput fashion, to provide in-depth 
information with statistical relevance. In other research fields that 
deal with large heterogeneous samples, such as biomedical or (bio)
chemical screening of cells or proteins, screening and sorting have 
already been applied. For the analysis and sorting of single cells, the 
use of microfluidic techniques, such as fluorescence-activated cell 
sorting (FACS) or magnetic activated cell sorting (MACS), has been 
investigated extensively, resulting in statistically relevant single-cell 
analyses6. Therefore, FACS and MACS are of interest in regard to 
single-catalyst particle analysis and sorting.

Microfluidics is a field that involves the manipulation of small 
liquid volumes—that is, from the microlitre scale down to the atto-
litre. Typical microfluidic devices have fluidic channel dimensions 
(width and height) ranging from a few to hundreds of microme-
tres7 and are used as analytical devices in chemistry and biology8,9. 
Microfluidic reactors (microreactors) for chemical applications 

are made using microfabrication techniques essentially derived 
from the microelectronics industry10. The use of chemically inert 
and optically transparent materials, such as glass, allows chemical 
analysis within microreactors with optical microscopy or fluores-
cence and absorption spectroscopy11. Integration of sensors and 
actuators, such as heaters and thermometers, can be used to control 
temperature in the microreactor10. Metallic thin-film microstruc-
tures can be used to uniformly (or gradient-wise) heat the micro-
reactor, by means of Joule heating12–21. By introducing immiscible 
liquids inside a microreactor, droplets can be created22. Droplets 
prevent reactant dispersion along the length of the channel (Taylor 
dispersion)23 and form an ideal reaction environment because of 
their well-controlled properties such as shape, size and dispersity, 
creating a homogeneous reaction environment24. Droplets can be 
used to capture and analyse individual catalyst particles, similar to 
single-cell analysis25,26.

Characterization of the multi-component fluid catalytic crack-
ing (FCC) catalyst1,27,28 would be of great benefit in high-throughput 
sorting due to its interparticle heterogeneities. FCC is the main 
chemical process in oil refining for the production of gasoline 
and propylene, using the residue of crude oil distillation as a feed-
stock. The FCC catalyst consists of spray-dried porous spheres of 
50–150 µm with zeolite as the active phase and AO alumina and clay 
as matrix29,30. The oil is mainly cracked on Brønsted acid sites in 
the zeolites, but precracking of oil molecules occurs in the matrix 
material before smaller products enter the crystalline micropores 
of the zeolite. The zeolites most used in the FCC process are the 
synthetic ultra-stable zeolite Y (US-Y, FAU) and, to a lesser extent, 
zeolite ZSM-5 (MFI)31,32. The FCC catalyst is deactivated in both a 
reversible and irreversible manner during the FCC process. Active 
sites are blocked reversibly by the remaining carbonaceous species 
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on the catalyst, preventing further cracking activity. Therefore, the 
spent catalyst is regenerated through high-temperature calcination 
in an oxygen-rich environment, making FCC particles available for 
consecutive cycles of oil cracking31. Irreversible deactivation occurs 
due to metal accumulation, originating from the oil feedstock, with 
Ca, Ni, Fe and V being the most notorious. The yield is decreased 
by promotion of coke formation (Ni and V) and by the creation of a 
~1-µm-thick shell on the particle outer surface (Fe and Ca), which 
reduces porosity33–43. Furthermore, the harsh steaming conditions 
during catalyst regeneration induce dealumination of the embed-
ded zeolite material, thereby decreasing the amount of available 
Brønsted acid sites. These deactivation processes occur simultane-
ously during the FCC process. The overall activity in a riser reactor 
is preserved by continuous replacement of part of the spent catalyst 
material with fresh FCC catalyst. This leads to a reactor containing 
a mixture of FCC particles of varying age and degrees of deactiva-
tion, called the equilibrium catalyst (ECAT)27. The large interpar-
ticle heterogeneity of the ECAT complicates its characterization44. 
Both deactivation processes have been thoroughly studied at both 
the bulk and single-particle level35,37,45. Sorting of the FCC ECAT 
based on density by flotation is used to investigate their deactiva-
tion, which is associated with metal loading and catalyst age46. 
Although the flotation method gives a negative correlation between 
density and catalytic activity, it does not provide insight into the 
individual role of metals that deactivate FCC particles and is not 
selective towards zeolite dealumination. The indirect link to deacti-
vation is a severe limitation of this method, since deactivation can-
not always be linked to (initial) activity of an FCC particle due to, 
for example, intrinsic differences after synthesis. Similarly, no trend 
in the activity of the sorted FCC ECAT particles could be observed 
using a diagnostic sorting method based on the magnetic moment, 
and thus Fe content, of FCC ECAT particles47.

To date, the analysis of single FCC catalyst particles has been 
focused at the microscopic level, entailing considerable research 
devoted to mapping the deposition of metals or the change in pore 
structure with high spatial resolution at the submicrometre scale39,48. 
Although it is very important to gain such in-depth information5, 
it is time consuming to perform these synchrotron measurements. 
Creating a full three-dimensional projection of a single FCC parti-
cle can take many hours, excluding data post processing. Therefore, 
these extensive in-depth analyses33,39,48 are performed on only a 
handful of catalyst particles, hampering the statistical relevance of 
such methods.

Thus it is clear that there is a need for a method or tool that is 
able to sort ECAT particles by activity. In this study we show that, 
by using microfluidics for the high-throughput analysis and sorting 
of catalyst particles, followed by post-sorting analysis of sorted par-
ticles, hundreds of catalyst particles can be evaluated more rapidly, 
gaining valuable information at the single-particle level and adding 
statistical value to the data obtained.

Results
Microfluidic design and sorting of FCC particles. As mentioned 
above, the catalytic activity of FCC particles is linked to the avail-
ability of (Brønsted) acid sites in their zeolite domains. Therefore, 
the activity of FCC particles has been visualized using the oligomer-
ization of styrene derivatives, involving acid catalysis at tempera-
tures between 100 °C and 200 °C49. Oligomerization products are 
fluorescent and can thus be characterized with ultraviolet-visible45 
and fluorescence microscopy50. In previous work, these two micro-
spectroscopic techniques have been combined to investigate the 
acidity of different FCC particles with various styrene derivatives as 
probe molecules49. Although the amount of fluorescence produced 
contains information about particle activity, both techniques are 
time consuming and have been applied to only a limited number 
of individual catalyst particles. Fluorescence-activated cell sorting 

(FACS) systems are available for cell sorting22,24,51,52, but cannot be 
directly applied for catalyst particle sorting due to the increased 
size and density of such particles with respect to cells. In this work 
a platform has been developed that can be applied to catalyst par-
ticle sorting, taking into account certain essential differences with 
respect to FACS systems. First, catalyst particles for fluidized bed 
reactors are, by a factor five to ten, larger than biological cells 
(~10 µm); second, they have a higher skeletal density meaning that 
they are notably affected by gravity53. Due to these differences, the 
cross-sectional dimensions of the microfluidic channel must be at 
least 1.5-fold the particle diameter, and precautions have to be taken 
against particle sedimentation due to gravitational effects. Because 
the average particle diameter of FCC particles is ~75 µm, the chan-
nel depth in the developed microreactor is 150 µm for a width of 
390 µm at the narrowest section and 1 mm at the widest. Over the 
course of the experiments, three sloped channel microreactors were 
used. An overview of all dimensions of the various features in the 
microreactor can be found in Supplementary Tables 2 and 3.

For droplet manipulation in microfluidics, various techniques 
are available using magnetic, pneumatic, thermal, acoustic or elec-
tric control to sort droplets of interest from a continuous droplet 
stream54. Active sorting is rapid and droplet response is typically 
in the order of microseconds to milliseconds. For electromagnetic 
sorting there are three options54. The first is magnetophoresis, 
which uses the magnetic moment of a particle or droplet to manip-
ulate droplets. The second is electrophoresis, which utilizes an 
external potential to manipulate charged particles or droplets. The 
third option is dielectrophoresis (DEP), which uses an electric field 
gradient to induce a dipole that is based on the contrast in permit-
tivity and conductivity between the droplet (dispersed phase) and 
medium (continuous phase), as illustrated in Supplementary Fig. 1. 
Supplementary Table 1 lists the conductivity and permittivity of the 
liquids used for the continuous and dispersed phases. More details 
concerning these electromagnetic particle sorting options can be 
found in Supplementary Information. All the above techniques 
provide fast feedback, resulting in accurate sorting at high through-
put54. Because the droplets and particles used in this work were 
neither inherently charged nor had the same magnetic moment, 
DEP was used to sort particles and droplets. An example of DEP 
sorting from the literature is the study of Baret et al. 26, who sorted 
cells encapsulated in droplets at a throughput of 2,000 s–1 with, on 
average, one cell in every 50 droplets (throughput of 40 cells s–1). 
DEP has been used since the late 1990s to sort and manipulate cells 
and particles55. We refer the interested reader to the principles of 
DEP sorting in Supplementary Information, where Supplementary  
Fig. 2 (and corresponding Supplementary Video 2) show early 
experiments using alternating current (a.c.) DEP sorting of empty 
droplets. In the present work the DEP technique was used to 
actively sort droplets containing the most fluorescent particles from 
a stream that also contained empty droplets and droplets contain-
ing low-to-moderate fluorescent catalyst particles. Based on the 
fluorescence signal obtained from a particle due to the fluorescent 
probe reaction, a rapid decision must be made on whether to sort 
the particle or not. Based on sorting zone dimensions (150 µm deep, 
1 mm wide and ~4.4 mm long) and an estimated droplet velocity 
of 20 mm s–1, for flow rates between 180 µl min–1 and 200 µl min–1, 
this decision has to be made within the order of ~0.2 s. The glass 
DEP microreactor designed for this task and the process steps used 
for fabrication are shown in detail in Supplementary Figs. 3 and 4.  
In the experimental set-up, the fluorescence signal is detected 
with a photomultiplier tube (PMT) that converts the fluorescence 
light generated into a voltage; voltage is measured with a National 
Instruments (NI) myRio data acquisition system (DAQ). Based 
on the height of the measured voltage, a threshold can be set in 
the software that is used to determine whether a catalyst particle 
containing a droplet has to be separated from the bulk stream.  
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An in-house-constructed set-up is used for the optical detection of 
fluorescent catalyst particles. Supplementary Fig. 5 shows a concep-
tual representation of the microreactor and the fluorescent particle 
detection system. Supplementary Figs. 6, 7 and 8 show a detailed 
schematic and photographs of the optical/fluidic detection system 
and electronic processing. Figure 1 combines a conceptual repre-
sentation and experimental results to explain the aim and sorting 
principle of the analytical platform developed, starting with the 
industrial FCC reactor and ending with the fluorescence-based 
sorting yield of particles encapsulated in droplets using DEP.

Figure 1a shows the deactivation process of FCC particles in an 
industrial reactor. Fluorescent probes are used to determine particle 
activity based on the available acid sites (Fig. 1b). The probes used 
are 4-methoxystyrene, which targets all available acid sites, and 
4-fluorostyrene, which targets only the strongest acid sites50. Both 
probe molecules have their own window of operation, as discussed 
below. Fluorescent catalyst particles stained with 4-methoxystyrene 
or 4-fluorostyrene, encapsulated in droplets, are flushed through 
the microreactor while the voltage from the PMT is monitored with 
the DAQ. In the software a threshold is set at which the DEP elec-
trodes are activated to sort those particles emitting the highest fluo-
rescence signal, as shown in Fig. 1c. Figure 1d shows an image of 
the microreactor with the fluorescence detection and sorting zone 
highlighted. A zoom-in of this area demonstrates the sorting prin-
ciple. The green dashed line highlights the trajectory of an encap-
sulated FCC particle that begins in the middle of the channel and, 
when the droplet reaches the detection spot (and the threshold is 
exceeded) the DEP electrodes are activated (600 V DC (0 Hz) for 
95 ms), thereby pulling the droplet towards the sorted outlet (left at 
the bifurcation). The red dashed line shows the trajectory of another 
encapsulated particle that does not exceed the threshold, and hence 
the DEP electrodes are not activated and the droplet flows straight 
into the non-sorted outlet (right at the bifurcation). These two 
images consist of multiple frames from a recording in which mul-
tiple particles and droplets were recorded. The stability of the drop-
let stream, meaning that all droplets should flow by default into the 
non-sorted outlet if no DEP pulse is applied, is verified by deter-
mining the position of those droplets in the sorting area close to the 
bifurcation. For this analysis, droplet morphology and velocimetry 
(DMV) software, developed by Basu56, was used; Supplementary 
Table 4 and Supplementary Fig. 9 show the settings and results of 
this analysis. Finally, Fig. 1e illustrates the sorting yield of particles 
successfully sorted using 4-fluorostyrene and 4-methoxystyrene, 
based on voltage peak height. During these experiments, the outlets 
of the microreactor are connected to the same reservoir. Multiple 
videos are recorded for both probe molecules at five different 
thresholds (that is, two thresholds for 4-methoxystyrene and three 
for 4-fluorostyrene) to validate whether catalyst particles exceeding 
the set threshold are indeed sorted, and these particles are labelled as 
successfully sorted or true positive. Particles that exceed the thresh-
old but flow to the non-sorted outlet are labelled as unsuccessfully 

sorted or false negative. Finally, catalyst particles below the thresh-
old that follow the path of the empty droplets and are not actively 
sorted are labelled as successfully non-sorted or true negative, and 
particles that do not exceed the threshold but flow into the sorted 
outlet are labelled as unsuccessfully non-sorted or false positive.

For 4-methoxystyrene staining and sorting experiments, two 
thresholds are used (1.20 V and 1.50 V). Out of 102 catalyst parti-
cles, 41 exceeded the threshold value of 1.20 V. From these 41 cata-
lyst particles, 39 were successfully sorted (true positives) whereas 
two exceeded the threshold but were not sorted into the correct 
outlet (false negative). Of the 61 non-sorted catalyst particles, 60 
did not exceed the threshold and flowed into the corresponding 
non-sorted outlet (true negatives) while one particle moved into 
the sorted outlet not having exceeded the threshold, creating a 
false positive. During this particular experiment, droplet flow was 
not considered stable and some droplets randomly moved into the 
sorted outlet (Supplementary Video 4). Despite this instability, all 
catalyst particles that did exceed the threshold were sorted success-
fully. The false-positive catalyst particle was in one of the droplets 
that randomly moved into the sorted outlet. When the threshold 
was increased to 1.50 V, 13 out of 86 catalyst particles exceeded the 
threshold; 12 out of 13 were successfully sorted (true positive) and 
one out of 13 did not flow into the sorted outlet (false negative). No 
false positives were observed, with the remaining catalyst particles 
all true negatives and sorted correspondingly. This resulted in sort-
ing yields for the levels of true positives of 95.1% and 92.3%, and for 
true negatives 98.4% and 100%, for thresholds of 1.20 V and 1.50 V, 
respectively.

For 4-fluorostyrene staining and sorting experiments, three 
thresholds were used (0.87 V, 0.95 V and 1.10 V). The total num-
bers of catalyst particles for each of these thresholds were 5, 16 and 
21. Furthermore, sorting yields for true positives and true negatives 
were all 100% for these experiments. The videos (Supplementary 
Videos 3–10 can be found as Supplementary Information items 
while Supplementary Videos 11–29 are available in a repository; 
Data availability) and additional tables and figures (Supplementary 
Tables 6 and 7 and Supplementary Fig. 14) on the sorting of these 
particles can be found in the Supplementary Discussion.

Fluorescence staining and post-sorting analysis. The probe 
4-methoxystyrene can be oligomerized by all acid sites in the FCC 
particle, resulting in a large number of fluorescent oligomers with 
a bright purple colour. An overly high concentration of fluorescent 
material can lead to self-absorption and quenching of fluorescence, 
as shown in Fig. 2a. Such highly acidic catalyst particles show low 
fluorescence. Despite the fact that these particles are sorted cor-
rectly based on their fluorescence signal, they can still be labelled 
as false negatives due to the nonlinear correlation between activ-
ity and fluorescence, as indicated in Fig. 2a. As such, the use of 
4-methoxystyrene as a probe molecule is applicable in only a rela-
tively small window of operation (compared to 4-fluorostyrene as a 

Fig. 1 | The FCC process, sorting principle and microreactor design. a, In the FCC process, the catalyst is subject to deactivation. b, The activity of FCC 
catalyst particles can be analysed by fluorescent probe reaction using styrene derivatives that target either all acid sites (4-methoxystyrene) or only the 
strongest acid sites (4-fluorostyrene). c, The stained particles are introduced into a microreactor, which has fluidic channels of 150 µm depth containing 
a droplet generator, reaction zone and sorting area where the channels have a width of 390 µm, 400 µm and 1 mm, respectively. The microreactor is able 
to sort the droplets encapsulated in particles based on their fluorescence signal using DEP, where E is the electric field and FDEP is the DEP force with the 
arrow indicating the direction. The fluorescence signal emitted by particles is detected with a PMT and converted into a voltage. Using a DAQ system, the 
voltage is recorded. d, Based on fluorescence intensity and corresponding voltage signal, a threshold is set which determines whether a particle should 
be sorted from the main stream or not, where images of the fabricated microreactor and the sorting process show an active particle encapsulated in 
a droplet (green dashed line) being pulled into the sorted outlet (left at the bifurcation, green box) following activation of the DEP electrodes. The red 
dashed line shows a particle below the threshold flowing into the non-sorted outlet (right at the bifurcation, red box). In this case, the DEP electrodes are 
not activated. e, Analysis of the sorting process results where the yield of the sorting is shown, indicating the number of particles exceeding the threshold 
and the subsequent manipulation of those droplets into the sorted outlet for thresholds of 1.20 and 1.50 V, respectively, for 4-methoxystyrene and for 
thresholds of 0.87, 0.95 and 1.10 V, respectively, for 4-fluorostyrene.
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probe) and, in fact, this probe is suitable for the DEP-based sorting 
of FCC particles with low to moderate acidity and activity. Further 
data on the fluorescence and sorting of 4-methoxystyrene particles 
can be found in Supplementary Fig. 12. A probe that reacts only on 
highly acidic sites in the FCC catalyst particle is 4-fluorostyrene. 
This probe forms less fluorescent material with a less distinct visible 
colour and is therefore not prone to self-absorption and quench-
ing, as shown in Fig. 2b. Consequently, the window of operation 
of the DEP sorting platform with 4-fluorostyrene as probe is larger 
compared to 4-methoxystyrene, and it renders it suitable for selec-

tive sorting of highly acidic and active catalyst particles. In the 
Supplementary Discussion a detailed explanation of the window 
of operation is given, as shown in Supplementary Fig. 13, and 
additional false negatives due to quenching of the fluorescence. 
Figure 2c and Fig. 2d show voltage over time for multiple particles 
stained with 4-methoxystyrene and 4-fluorostyrene, respectively. It 
is evident that multiple voltage peaks are visible, where each peak 
corresponds to a passing particle. Recordings were made simulta-
neously and frames containing a particle were matched with the 
recorded voltage signal. There is a large variation in the height of 
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voltage peaks, which corresponds to the large difference in fluores-
cent product produced by the catalyst particles. In total, 401 cata-
lyst particles stained with 4-methoxystyrene and 33 stained with 
4-fluorostyrene were detected during these experiments, result-
ing in the histogram shown in Fig. 2e. The distribution shows 
low-to-moderate fluorescence intensity on the left-hand side of the 
histogram and high intensity on the right. Following comparison 
with 4-methoxystyrene, for 4-fluorostyrene the distribution is more 
binary, where only the most active catalyst particles show a strong 
fluorescence signal because 4-fluorostyrene oligomerizes on only 
the strongest Brønsted acid sites. As such, there is no mid-section 
of moderately active particles for 4-fluorostyrene-stained particles. 
Clearly, the droplet-based microreactor analytical platform can be 
used for in situ detection of fluorescent light from catalyst particles 
encapsulated in droplets. Assuming a total particle population of at 
least one billion, the 401 detected particles in Fig. 2e give a confi-
dence level of 95% with an error margin of 5% in being representa-
tive of the entire population. For experiments with both styrene-like 
molecules, an average high-throughput rate of ~23 droplets s–1 was 
achieved at a total flow rate of ~182 μl min–1. The particle influx was 
not constant: on average every 4 s a particle passed the detection 
zone, resulting in a fill rate (that is, the percentage of droplets con-
taining a particle) of ~1%.

For 4-fluorostyrene-stained catalyst particles, a sorting threshold 
of 1.10 V was chosen based on the data shown in Fig. 2e. For this 
value, a higher number of catalyst particles would be available in the 
‘sorted’ collection container (compared to a threshold of, for exam-
ple, 1.50 V) for ex situ post-sorting analyses. Particles stained with 
4-fluorostyrene that were in situ sorted were then ex situ analysed 
with fluorescence microscopy and micro-X-ray fluorescence (µXRF) 
spectroscopy, respectively. This combination of analysis tools was 
used to determine particle fluorescence intensity and metal content 
and to find a correlation between fluorescent intensity and the activ-
ity/deactivation of these particles. Only 4-fluorostyrene-stained 
catalyst particles were ex situ analysed in depth, since its oligomer-
ization is more selective for the strongest acid sites, leading to sort-
ing of only the most active catalyst particles. Overlays were made of 
fluorescence images and µXRF maps, as illustrated in Fig. 3a, which 
allows individual analysis of all particles: ten sorted particles could 
be collected and analysed versus 41 non-sorted particles. Correlation 
analysis is based on segmentation of images and maps after removal 
of background (Supplementary Fig. 11). This segmentation, how-
ever, can result in detection of single particles as multiple domains. 
Figure 3b shows that catalyst particles from the non-sorted collec-
tion reservoir have much lower fluorescence intensity than those 
in the sorted reservoir. In fact, almost all non-sorted FCC catalyst 
particles had a substantially lower fluorescent spectrum when com-
pared to sorted particles. Images of sorted and non-sorted particles 
are shown in Supplementary Fig. 10 (brightness and contrast are 
enhanced only for enhanced visualization). This lack of fluores-
cence for non-sorted particles could be due to severe deactivation 
caused by accumulation of metals such as Ni, Fe, Ca and/or V, or 
by dealumination of the zeolite domains. Among these metals, Ni 
is not present in fresh catalyst particles and can therefore be used as 
a marker for the catalytic age of a particle. It is expected that heav-
ily deactivated particles experienced a longer residence time in the 
riser reactor unit and therefore had a higher Ni content. Figure 3c 
shows the metal content of sorted and non-sorted particles. These 
measurements were performed after segmentation of µXRF maps. 
With this segmentation, a particle can be represented by multiple 
segments and the background has been removed. Indeed, particles 
showing high fluorescence (that is, sorted with the DEP microreac-
tor) have lower Ni and Fe levels, whereas the Ni and Fe contents are 
high(er) for particles with no/low fluorescence.

One of the particles in the sorted batch exhibited a low fluores-
cence maximum of 200 counts (Fig. 3b), which is close to that of 

the particle in the non-sorted batch with the highest fluorescence 
count. This sorted particle had probably just exceeded the thresh-
old but was not a fresh FCC particle. This was shown by overlay-
ing fluorescence images with the Fe and Ni maps from the same 
position, as illustrated in Fig. 3a. With this overlay, red–green–blue 
overlay images as shown in Fig. 3d were formed. It can be seen that 
particles appearing red have low metal accumulation and vice versa. 
For example, the particle at far right, appearing green, shows low 
fluorescence and high Fe content. This is most probably the particle 
corresponding to the low fluorescence signal in Fig. 3c. A higher 
sorting threshold would have prevented this partly deactivated par-
ticle from being sorted.

Correlative results for metal content were verified using  
statistical group analysis in SPSS software (Supplementary Table 
5). This analysis shows that with the selected sorting threshold,  
based on correlations between fluorescence and Ni and Fe con-
tent, there is an 80% probability that a fluorescent particle contains  
less Ni or Fe and is, subsequently, sorted in the correct out-
let. Therefore, it was concluded that the ECAT particles sorted  
using this microfluidic DEP platform can be considered to be 
the least deactivated, demonstrating that the most active cata-
lyst particles can be sorted using this DEP microreactor-based 
analytical platform for high-throughput fluorescence-activated  
catalyst sorting.

With this DEP sorting and analysis platform we have a versatile 
tool that can analyse and sort any catalyst particle provided there is 
a fluorescent marker. This marker can be sensitive towards acidity, 
such as 4-fluorostyrene or 4-methoxystyrene, but a larger probe to 
visualize the porosity of the particle matrix, such as Nile Blue A, 
can be used with this sorting system57. Furthermore, with a slight 
change in emitted and detected light, we also foresee a possibility for 
detection and sorting of additives from FCC samples. For example, 
ZSM-5 FCC particles could be detected by their distinctive pink 
colour after staining with 4-fluorostyrene58.

Conclusions
We have developed a droplet microreactor for high-throughput 
fluorescence-activated catalyst sorting of ECAT FCC particles using 
DEP. With this DEP platform it is possible to sort ECAT FCC par-
ticles directly related to their activity, something that cannot be 
achieved with density or magnetic sorting, for example. Particles 
encapsulated in droplets and stained with two different fluorescent 
probe molecules (4-methoxystyrene and 4-fluorostyrene) can be 
detected and sorted in situ at a high-throughput rate of ~23 drop-
lets s–1 (0.25 particles s–1). By application of DEP, droplets contain-
ing highly active catalyst particles, with 4-fluorostyrene as probe, 
can be manipulated into a sorted outlet that leads to a collection 
reservoir containing only the most active particles, while less active 
particles with a low fluorescence signal flow unmanipulated into the 
non-sorted outlet. Similarly, catalyst particles of low-to-moderate 
activity can be sorted using 4-methoxystyrene as probe. The yield 
for catalyst particle sorting was >92% for 4-methoxystyrene-stained 
particles and 100% for those stained by 4-fluorostyrene. The design 
default of droplets moving into the non-sorted outlet drastically 
lowers the likelihood of false-positive results; the only false-positive 
result occurred when droplet flow—and thus default flow direc-
tion—was unstable, essentially eliminating false positives under 
stable operating conditions. In total, ten catalyst particles stained 
with 4-fluorostyrene were sorted and found in the sorted collection 
container. Ex situ analysis with fluorescence microscopy on these 
ten catalyst particles confirmed that indeed the most fluorescent 
particles were sorted, while µXRF spectroscopy showed that these 
particles contained less accumulated metal (that is, Ni and Fe) with 
respect to unsorted particles. In particular, the presence of Ni in 
non-sorted particles indicates that the most active particles had 
been sorted.
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By adapting the threshold of this analytical platform to sort only 
those particles showing the absolute highest fluorescence peaks, 
it was possible to differentiate zeolite ZSM-5 from zeolite-Y since 
the former has stronger acid sites than the latter, which means that 
staining with 4-fluorostyrene is potentially selective for zeolite 
type. Furthermore, with this fluorescence-activated catalyst sorting 
DEP-based microfluidic platform, in future research it will be pos-
sible to sort and investigate other catalysts. Screening of freshly syn-
thesized catalyst particles can now contribute valuable information 
on synthesis parameters.

Methods
Microreactor design and fabrication. The glass DEP microreactor 
(Supplementary Fig. 3) was created using Clewin design software. The dimensions 
of the various fluidic and electronic features are listed in Supplementary Tables 2 
and 3, respectively. The microreactor design has side inlets (and outlets) that are in 
plane with the flow direction in the microreactor and is based on the ‘side-connect’ 
chipholders from Micronit Microtechnologies. This was done to prevent particles 
from getting stuck in any 90° angle out-of-plane fluidic connections. After the 
inlets, a droplet generator is included to create droplets in which particles are 
trapped. The sloped channels in the reaction zone are designed to prevent particles 
from getting stuck on the channel wall when the microreactor is placed in vertical 
orientation with the outlets pointing downwards, as shown in Supplementary Fig. 
7. In the sorting zone there are needle-like electrodes embedded, the so-called DEP 
electrodes. Their sharp needle shape is designed to induce a non-homogeneous 
electric field when a voltage is applied between these needles. After the DEP 
electrodes the channel branches into two outlets, one for actively sorted droplets 
(sorted outlet) with highly active particles and the other for bulk droplets 
containing low-to-moderately active particles or zero particles (non-sorted outlet). 
The junction of these channels is placed slightly off-centre, with the non-sorted 
outlet wider (that is, it has lower fluidic resistance) than the sorted, to allow 
non-sorted droplets to enter the non-sorted outlet by default. There are small slits 
connecting the two outlets immediately after the junction, to balance potential 
pressure difference when a droplet enters either of the channels. These slits, also 
called shunts, have previously been used in droplet sorting by Agresti et al59.  
A droplet entering a channel changes the viscosity of the liquid, which in turn 
alters fluidic resistance and this affects the pressure drop. These disturbances can 
make the junction unstable, causing droplets to randomly enter either outlet. By 
connecting the two outlets with small shunts, pressures between the two outlet 
channels are linked and junction stability is maintained.

The DEP microreactor was fabricated in the cleanroom of the 
MESA+ NanoLab at the University of Twente (UT). Supplementary Fig. 4 shows 
an overview of the process steps. The microreactor is a stack of two 500-μm-thick 
Mempax glass substrates (diameter 10 cm). A three-mask process is used to 
fabricate the microreactor. The substrate containing the thin-film electrodes is 
processed as follows. Buffered hydrogen fluoride (HF) as a wet etchant is used 
to etch 200 nm into the glass substrate to create the pattern for the Pt structures. 
This process is followed directly by the deposition of a 10-nm-thick tantalum 
adhesion layer and a 190-nm-thick Pt layer. All thin-film metallic structures 
(heaters, temperature sensors and DEP electrodes) are thus embedded in the 
glass substrate. Subsequently, the glass substrate containing the Ta/Pt structures is 
covered with a 1.5-μm-thick SiO2 layer deposited with plasma enhanced chemical 
vapour deposition (PECVD). After deposition, 500 nm is removed from this 
layer using chemical mechanical polishing to reduce surface roughness. After 
polishing, a 1-μm-thick (PECVD) SiO2 remains that is sufficiently smooth for 
fusion bonding. SiO2 is then selectively removed from the contact electrodes. A 
Cr/Au (5/20 nm) layer is sputtered on the second glass substrate, then photoresist 
is used to pattern the fluidic channels on top of the Cr/Au layer. The Cr/Au layer 
is selectively removed with wet etching using a Au/Cr etchant. Subsequently, the 
fluidic channels are etched 150 μm into the second glass substrate using HF as a 
wet etchant and the Cr/Au layer as a mask. Etching glass with HF is an isotropic 
process resulting in semicircular-shaped channels, as shown in Supplementary  
Fig. 4. Subsequently the Cr/Au mask is removed after HF etching. Electronic 
accesses are powder blasted from the back surface of the channel substrate, which 
ensures accessibility of the electrodes embedded in the glass. Finally, the two 
substrates are bonded using fusion bonding and individual chips are created by 
means of dicing. The fabrication result can be seen in Supplementary Fig. 3b, in 
which all fabricated features are indicated.

The holder for the microreactor, as shown in Supplementary Fig. 3b, combines 
a commercial chip holder enabling side connections (Micronit Microtechnologies) 
with a home-made chip-holder body made of black Delrin, which is designed 
with Solidworks and realized by milling (Datron NEO). Small ferrules in the side 
connector are used to make a leak-free connection between microreactor  
and tubing.

Fluorescence detection and sorting set-up. An in-house set-up is used for the 
optical detection of fluorescent particles. Supplementary Fig. 5 shows a conceptual 

representation of the microreactor and the fluorescent particle detection system; 
Supplementary Fig. 6 shows a detailed schematic of the optical/fluidic detection 
system and electronic processing, and Supplementary Fig. 7 shows a photograph 
of part of the laboratory set-up. The inset in Supplementary Fig. 7 shows the 
microreactor in vertical orientation with the sloped channels. Although this set-up 
has been reported in previous work60, some components such as filters, mirrors and 
excitation sources were changed for this specific application. Droplets containing 
prestained particles are flushed through the microreactor. On reaching the sorting 
window, these pass through a detection spot where the excitation wavelength for the 
fluorescent probe is focused through a ×20 objective (×20/0.4 numerical aperture 
HCX PL FLUOTAR, Leica). Excitation light is produced with a light-emitting 
diode (LED) (470 nm, M470L3, Thorlabs) controlled by a LED driver (LEDD1B, 
Thorlabs). Part of the excitation light (25%) is diverted with a beam splitter (BS019, 
Thorlabs) to a silicon photodiode (S121C, Thorlabs) connected to a power detector 
(PM100USB, Thorlabs), to calculate the optical power (3.081 mW) used for the 
excitation of the sample inside the microreactor. Each particle passing through the 
detection spot will be excited by the LED light (centre wavelength, 470 nm) and emit 
light (centre wavelength, 610 nm) at a different wavelength. The emission signal 
is detected by the objective and is passed through a dichroic mirror (DMLP550R, 
Thorlabs) and emission filter (MDF620-52, Thorlabs). Another beam splitter 
(BS013, Thorlabs) directs 50% of the light towards a PMT (H7422, Hamamatsu) 
that converts the optical signal into a voltage, with 50% directed to a complementary 
metal oxide semiconductor camera (DC1545M, Thorlabs) used for focusing 
the detection spot. After amplification (10 V μA–1) with an amplifier (C7319, 
Hamamatsu), the voltage can be read out by a DAQ.

A National Instruments (NI) myRio data acquisition board with Labview 
software installed is used to measure the output voltage of the PMT. The software 
measures the voltage from the PMT at a sample rate of 1 kHz. In Supplementary 
Fig. 5 an example is shown of voltage peaks over time, visible when fluorescent 
particles pass the detection spot. A virtual threshold is indicated, above which the 
software will immediately activate an electronic switch (Supplementary Fig. 6) 
that will ‘close’ (forming an electrical connection) for a specific amount of time 
that can be set with the software. If the voltage from the PMT is lower than the 
threshold, the electronic switch is not activated and remains ‘open’ (forming no 
electrical connection). The electronic switch is made in-house and is placed in 
between a function generator (Agilent 33250 A) and a high-voltage amplifier (Trek 
model 2210). The electric circuit used as the electronic switch to apply the required 
voltage to the DEP electrodes for DEP activation is shown in Supplementary Fig. 8.  
The switch control pin of the myRIO is low (0 V) if the threshold for sorting is 
not exceeded. When the threshold is exceeded and the switch control pin is high 
(3.3 V), the voltage from the pin is amplified by both −three- and +threefold with 
two separate operational amplifiers (TL081CP). The outputs of these operational 
amplifiers (opamps) are connected to the positive and negative power supply 
pins of a third amplifier (TL081CP). This opamp amplifies the voltage from the 
function generator with a factor of 10. When the positive and negative power 
supply pins of this third opamp are −10 and 10 V (this can happen only when the 
switch control pin is high (3.3 V)), only then the voltage of the function generator 
is amplified and passed to the high-voltage amplifier (Trek 2210), subsequently 
activating the DEP electrodes. When the switch is activated, the two systems are 
connected and the output voltage from the function generator is amplified by the 
high-voltage amplifier with a factor of 100. The output voltage of the high-voltage 
amplifier is applied between the DEP electrodes. Initial tests showed that sorting 
of a droplet using DEP works best when a DC voltage of 600 V is applied for 
95 ms between the DEP electrodes. Videos of droplets passing the detection zone 
are recorded with a PTGREY grasshopper 3 camera (FLIR Integrated Imaging 
Solutions) at 90 frames s–1 and a shutter time of 7.075 ms.

Detection and sorting of ECAT particles. A mixture of glycerol and 
dimethylsulfoxide (DMSO, both Sigma-Aldrich) at a volume ratio of 7:3 is used 
for the droplet phase and, for the continuous phase, fluorinated FC-40 oil (3 M). 
An excess of NaCl is added to the droplet phase mixture to increase conductivity 
and favour the Clausius–Mossotti factor (FCM) at DC (0 Hz) and low-frequency 
voltages. Supplementary equation 4 shows that conductivity determines the 
FCM for DC (0 Hz) and low frequencies. After heating the mixture to 80 °C for 
10 min, undissolved NaCl is centrifuged out with an Allegra X-12R Centrifuge 
(Beckman Coulter) and conductivity measured with a conductivity sensor (Seven 
Multi, Mettler Toledo); this was found to be 22 × 10-3 Sm-1. All parameters for 
determination of FCM are given in Supplementary Table 1. With these parameters 
and for a DC voltage (0 Hz), the FCM has a maximum value of 1 for pDEP.

Calcined FCC ECAT particles are placed on a microscopy slide and heated 
to 100 °C on a hotplate. Next, 10 µl of either 4-methoxystyrene or 4-fluorostyrene 
(both 97%, Sigma-Aldrich) is added to the microscopy slide next to the particles. 
The slide is then covered with a glass Petri dish to allow diffusion of styrene 
derivatives into the FCC particles. Heating is stopped after 10 s. Staining of FCC 
particles is performed ex situ.

A Nemesys syringe pump (Cetoni) fitted with a glass Hamilton syringe 
(5 ml for the continuous phase and 500 µl for the droplet phase) and controlled 
with Nemesys software is used. Precautions to prevent sedimentation (stirring 
magnet and vibrational motor) are added to the particle-containing syringe. 
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Polymer tubing (Tefzel, OD = 1/16”, ID = 0.02”, Idex HS), in combination with 
fluidic connectors (Inacom Instruments), is used to connect the syringes to the 
inlet of the microreactor. The same type of tubing is fitted to the outlets of the 
microreactor. Both outlets have a separate collection reservoir where filter paper 
(Whatman 1001-070 grade 1) is used to collect the particles. Before the creation 
of glycerol/DMSO-in-oil droplets, the channel walls are rendered hydrophobic 
by flushing the microreactor with a solution of 5.55 µl of tridecafluoro-1,1,2,2- 
tetrahydrooctyltrichlorosilane (FOTS) added to 1.5 ml of FC-40 oil. Before 
experiments the microreactor is flushed for 45 min with FOTS/FC-40 solution and 
then for 45 min with FC-40 only. For the experiments, flow rates of 150–200 µl min–1 
for the continuous phase and 1.5 µl min–1 for the dispersed phase are used.

Post analysis of sorted ECAT particles. FCC ECAT particles exiting the 
microreactor and collected on filter papers are transferred to a microscopy 
slide with double-sided tape. Particles are then consecutively analysed by µXRF 
spectroscopy, optical microscopy and fluorescence microscopy. For µXRF, the 
microscopy slide is mounted in an Orbis PC SDD with a Rh-tube as X-ray source 
(30 kV and 200 nA). The surface is scanned with a spot size of 30 µm and step size 
of 15 µm (300 ms integration time) to obtain an XRF map with optimal intensity 
per pixel for every element. For optical images, a Zeiss Axio Zoom.V16 microscope 
using top illumination is used. This microscope is equipped with a PlanNeoFluar Z 
×1 zoom objective and an Axiocam 105 colour camera. Fluorescence intensity is 
measured with a Nikon Eclipse 90i confocal fluorescence microscope with a Nikon 
Eclipse A1R scan head (×10 objective) equipped with a 488-nm argon ion liquid 
state Melles Griot laser (40 mW). Data of all three techniques are combined and 
correlations are made for all particles. Overlaid images are segmented as described 
in previous research57, to obtain information for individual particles. The Matlab 
segmentation is shown in Supplementary Fig. 11. It will be seen that a particle 
can be divided in multiple domains during segmentation. Most importantly, 
segmentation allows for background removal.

Data availability
Supplementary Videos 1–10 are included within the Supplementary information. 
Supplementary Videos 11–29 can be found in a data repository at https://doi.
org/10.24435/materialscloud:em-r4. All data not added to the Supplementary 
Information or repository are available from the corresponding author on 
reasonable request.
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