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Abstract: The use of sustainable raw materials is now a necessity in all industries, including the 

production of porous microparticles. Cyrene™ is a cellulose-derived compound that is readily pre-

pared through the reduction of the α,β-unsaturation of levoglucosenone (LGO)—a wood-based 

platform molecule. In this work, the importance of Cyrene™ as a potential bio-based molecule to 

produce sustainable porous microparticles is demonstrated. First, a methacrylic derivative of Cy-

rene™ (m-Cyrene) was synthesized. A microfluidic co-flow device was then established to produce 

m-Cyrene-based oil-in-water (O/W) controlled-size emulsions and to polymerize them by ultravio-

let (UV) radiation in a vial. The continuous phase was a sodium dodecyl sulfate aqueous solution, 

and the dispersed phase was a mixture of m-Cyrene with methacrylic anhydride (MAN) at two 

different mass concentrations (i.e., 1 wt.% MAN and 92 wt.% MAN) and 2,2-dimethoxy-2-phe-

nylacetophenone (DMPA) as a photoinitiator. The process used the lowest possible quantity of raw 

materials and avoided excessive purifications to produce homogeneous porous m-Cyrene-MAN 

microparticles. The controlled size and homogeneous size distribution of the produced polymer 

microparticles were confirmed by scanning electron microscope (SEM) images. The 3D microstruc-

ture as well as the porosity were determined using X-ray microtomography. The high-resolution 3D 

images produced indicate that the pores of the microparticles are homogeneous and that their po-

rosity is controllable through the concentration of MAN in the monomer mixture (porosity of 30% 

for a 1 wt.% MAN ratio and 2% for a 92 wt.% MAN ratio). Such porosity control is very important 

for future potential encapsulation processes that require precise release control. 

Keywords: sustainable production; size control; Cyrene™; microtomography; porosity 

 

1. Introduction 

Porous microparticles are typically categorized based on their size, size distribution 

and the presence of predefined pores on their surface and within. They have a broad range 

of applications as ion exchange resins [1], catalyst supports [2] and tissue regeneration 

scaffolds [3], to name a few. The porosity of porous microparticles plays a significant role 

in determining the capacity efficiency of the microparticles and influences the release ki-

netics [4], where the size and the structure of the pores are the crucial factors affecting the 

properties of porous microspheres. The same traditional processes used to produce non-

porous microparticles may be used to produce porous ones (i.e., atomization [5–7], sol-

vent evaporation [8], suspension polymerization [9]) but with the addition of a pore-form-

ing agent (porogen). The porogen is usually unreactive towards the other materials in-

volved in the process and works according to a solvent casting/particulate leaching mech-

anism. Although conventional production processes may provide a 90–100% yield, the 
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produced microparticles have a wide size distribution, making them complicated to use 

in applications that require a highly controlled release (e.g., drug delivery). In addition, 

they can be energy-consuming, product-consuming and expensive (as in the case of atom-

ization) [10], or they can require expensive post-processing either to solidify (as in coacer-

vation) or to purify from surfactants and polymer adjuvants (as in suspension polymeri-

zation) [11]. 

On the other hand, microfluidics is a simple two-step process in which a droplet—

called a chip—is formed in micrometric channels in the first step [12,13]. The droplets are 

solidified in the second step, either inside the chip before collection (in-situ) or after col-

lection (off-chip). The latter requires a stable formulation in which droplets do not interact 

or coalesce, while avoiding channel clogging is the greatest challenge governing in situ 

polymerization [14]. The precise control of droplet formation in microfluidics permits the 

synthesis of microparticles that are porous or non-porous, as well as simple or core-shell, 

with a narrow size distribution (coefficient of variation (CV) < 5%) and an almost quanti-

tative yield [15–20]. The potential of microfluidics is also represented in its scalability, 

where it is possible to implement thousands of millimetric parallel microfluidic devices 

that can ensure industrial-scale production at a low cost [15]. For example, Busatto et al. 

[17] prepared lignin microparticles by both traditional solvent evaporation methods and 

microfluidics combined with off-chip solvent evaporation. Unsurprisingly, the coefficient 

of variation of microparticle size was four times lower in the microfluidic process (CV = 

6.1%) than in the traditional solvent evaporation (CV = 26.5%). Furthermore, simply by 

tuning the flow rates of the microfluidic system, Nie et al. [21] successfully controlled the 

size of a double emulsion droplet and the number of encapsulated core spheres by using 

in situ UV polymerization to form the microparticles. Therefore, precise size control, re-

producibility, high yield and scalability make microfluidics a potential candidate for the 

sustainable production of polymer microparticles of different shapes—including porous 

microparticles [11]. 

In this context, Dubinsky et al. [18] synthesized poly(glycidyl methacrylate-co-eth-

ylene glycol dimethacrylate) (poly(GMA-co-EGDMA)) porous microparticles via the in-

situ UV polymerization of the droplets, and the porosity was controlled by changing the 

nature and concentration of the porogen. Similarly, Zhang et al. [22] applied the same 

technique to produce poly(hydroxyethyl methacrylate–methyl methacrylate) 

(poly(HEMA–MMA)) microspheres with two distinct structures (hollow and porous) by 

employing two different porogens in the process. In another study, Kim et al. [23] pre-

pared drug-loaded poly(lactic-co-glycolic acid) (PLGA) porous microparticles using a 

phosphate buffer solution porogen by applying microfluidics and off-chip solvent evap-

oration. The use of porogen is an efficient way to control a particle’s porosity; however, it 

can encounter several problems: (i) leaching that may remove not only the porogen but 

also active ingredients and (ii) the long time required to completely leach out the porogen 

[4]. In a recent study, Xu and Nisisako [19] were able to form more porous microcapsules 

without the use of porogens by simply changing the polymerization method from off-chip 

UV to off-chip thermal initiation. This enables the production of porous microparticles 

and avoids the disadvantages of porogen employment. 

Regardless of the outstanding advantages of microfluidic technology in producing 

controllable porous microparticles, sustainable production using these systems requires 

consideration of the green aspects of the raw materials as well as the synthesis processes 

that must avoid or minimize the use of toxic solvents and reagents. In a recent review [11], 

we extensively discussed the polymeric raw materials used in encapsulation processes 

and classified them based on their origin into (1) fossil-based, being produced from burn-

ing fossil fuels, such as petroleum (e.g., Poly(methyl methacrylate) (PMMA), Polyvinyl 

chloride (PVC), etc.); (2) naturally occurring bio-based material (e.g., alginate, starch, lig-

nin, etc.); and (3) synthetic bio-based material (e.g., polysaccharides). Microparticles syn-

thesized from fossil-based sources showed better tunability and properties; however, they 

are non-sustainable by definition due to the regression of petroleum and the greenhouse 
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effect from burning fossil fuels [24]. On the other hand, although naturally occurring raw 

materials are renewable, they may be complicated to modify and tune. For example, lignin 

has a very complex structure [25]; alginate is unstable and depolymerizes at 40 °C [26]; 

and chitosan is mechanically poor and sensitive to storage conditions [27]. Undoubtedly, 

renewable green raw materials are necessary for sustainable production; however, these 

problematic factors of naturally occurring polymers leave ample room for improvements 

that could be based on the exploration of bio-based tunable platform molecules. In this 

context, levoglucosenone (LGO), an α,β-unsaturated ketone obtained through the cata-

lytic flash pyrolysis of cellulose-based feedstock like bagasse and sawdust, arises as a 

promising candidate for producing bio-based monomers [28–30]. The potential of LGO is 

presented by its readily reactive functional moieties that are possible to chemically mod-

ify. For instance, the hydrogenation of its conjugated double bond was achieved to pro-

duce Cyrene™ (Scheme 1) [31–33] by Circa Group (Tasmania, Australia). Cyrene™ is 

known to be a green and non-cytotoxic polar aprotic solvent that can be an environmen-

tally friendly substitute for toxic solvents, such as dimethyl formamide (DMF) and ace-

tonitrile. The outstanding performance of Cyrene™ as a solvent has recently been exam-

ined in a variety of chemical reactions [34–38], including polymerizations (i.e., enzymatic 

polycondensation, [39] ring-opening metathesis polymerization (ROMP) [40] and radical 

polymerization [41]). Saito et al. [41] reported the synthesis of the acrylic derivative of 

Cyrene™ (m-Cyrene) using a two-step process. The first step involves the reduction of the 

ketone moiety of Cyrene™ using LiAlH4 in diethyl ether (Et2O) to obtain levoglucosanol 

at a 95% yield (Scheme 1). The levoglucosanol (Cyrene-OH) can then be converted into m-

Cyrene™ in the presence of methacrylic anhydride (MAN) and 4-dimethylaminopyridine 

(DMAP) in ethyl acetate for an 85% isolated yield. The free radical (co-)polymerization of 

m-Cyrene was described by Saito et al. [41] for the preparation of different acrylic bio-

based-(co-)polymers based on Cyrene™. 

 

Scheme 1. Synthesis of m-Cyrene and its polymerization to produce Cyrene™-based (co-)polymers. Re-

produced from Saito et al. [41] with permission from Royal Society of Chemistry, copyright 2019. 

Inspired by the work of Saito et al. [41], we decided to take advantage of both Cy-

rene™ as a renewable molecule and the microfluidic technique to produce unprecedented 

bio-based polymer microparticles with controlled porosity. Firstly, m-Cyrene was pre-

pared according to the previously reported procedure [41]. Then a UV-initiated co-flow 

microfluidic device was developed for the online production of poly (m-Cyrene-co- 

MAN) microparticles from O/W controlled-size droplets. The effect of the photoinitiator 
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concentration, surfactant concentration and flow rates was studied. Finally, two distinct 

porosities were obtained without the use of porogens and only by altering the concentra-

tion of MAN in the mixture. 

2. Materials and Methods 

2.1. Chemical Compounds 

Dihydrolevoglucosenone (Cyrene™, C6H8O3, 128.3 g.mol−1) was received from Circa 

Group. Sodium borohydride (NaBH4, 37.83 g.mol−1) and lithium aluminum hydride 

(LiAlH4, 37.95 g.mol−1) were purchased from Sigma-Aldrich, UK, and used as reducing 

agents. Diethyl ether ((C2H5)2O, Et2O) and methanol (CH3OH) were purchased from 

Sigma-Aldrich, UK, and used as solvents. Sodium dodecyl sulfate (SDS, NaC12H25SO4, 

288.38 g.mol−1), sodium sulfate decahydrate (H20Na2O14S), 4-dimethylaminopyridine 

(DMAP, C7H10N2,122.17 g.mol−1), methacrylic anhydride (MAN, C8H10O3, 154.16 g.mol−1), 

saturated sodium bicarbonate solution (NaHCO3), anhydrous magnesium sulfate 

(MgSO4), 2,2-dimethoxy-2-phenylacetophenone (DMPA) and ammonium persulfate were 

purchased from Sigma-Aldrich, UK. Citric acid (C₆H₈O₇) was purchased from VWR 

Chemicals. Ethyl acetate (C4H8O2) was purchased from Fisher Scientific, UK. 

2.2. Monomer Synthesis 

The synthesis of m-Cyrene™ was adapted from the work of Saito et al. [41]. Levoglu-

cosanol (Cyrene-OH) was first synthesized from CyreneTM via the reduction of the ketone 

moiety. Then the transesterification reaction of Cyrene-OH was performed to obtain 

methacrylated Cyrene (m-Cyrene). 

2.2.1. Synthesis of Levoglucosanol (Cyrene-OH) 

CyreneTM (10.0 g, 78.0 mmol) was dissolved in 125 mL of methanol. The solution was 

cooled to 0 °C using an ice bath. Then a reduction reaction was performed by slowly add-

ing NaBH4 (4.43 g, 117 mmol) over a period of 20 min. Stirring was continued at 0 °C for 

30 min. The ice bath was removed, and the reaction was allowed to stir at room tempera-

ture for 12 h. Thereafter, 10 mL of acetone was added, and then 40 mL of citric acid solu-

tion (20 wt.%) was added dropwise. The mixture solution was filtered with Celite, and 

volatiles were removed using a rotary evaporator. The resulting product was dried using 

a Schlenk line to remove the last traces of solvents and to create a yellow viscous liquid of 

Cyrene-OH with a 92% yield. 1H and 13C NMR analysis were in agreement with the chem-

ical shifts reported by Saito et al. [41]. 

2.2.2. Synthesis of Methacrylated Cyrene (M-Cyrene) 

Cyrene-OH (5 g, 38.5 mmol) and DMAP (0.05 g, 0.38 mmol) were charged into a 

Schlenk round-bottom flask, followed by the addition of 12.5 mL of ethyl acetate. A solu-

tion of MAN (5.93 g, 38.5 mmol in 5 mL of ethyl acetate) was added dropwise and stirred 

for 3 h under a nitrogen atmosphere. Thereafter, the mixture was heated at 50°C and left 

to stir for 24 h under a nitrogen atmosphere. After the reaction, the solution was diluted 

with 100 mL of ethyl acetate followed by filtration. Then the liquid portion was extracted 

via liquid–liquid extraction by using a saturated NaHCO3 solution to separate the liquid 

into two layers: an aqueous layer and an organic layer. The organic layer was washed 

three times and then collected and dried with anhydrous MgSO4. The mixture was fil-

tered, and volatiles were removed by using a rotary evaporator. The resulting product 

was dried using a Schlenk line to remove the last traces of solvents and to create m-Cyrene 

as a colorless viscous liquid with a 79% yield. 1H and 13C NMR analyses were in agreement 

with the chemical shifts reported by Saito et al. [41]. 
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2.3. Droplet Formation and Polymerization in the Microfluidic Device 

Two syringe pumps (Harvard Apparatus 11 Pico Plus Elite, Holliston, MA, USA)—

one of which was equipped with a 10-mL Hamilton gas-tight glass syringe (P1) and the 

other with a 500-µL Hamilton gas-tight glass syringe (P2)—were used for the delivery of 

the continuous phase composed of SDS (a surfactant possible to extract from coconut and 

palm oils) [42] solution in water, and the dispersed phase (solution of m-Cyrene and MAN 

with DMPA initiator), respectively, at a controlled flow rate through polytetrafluoroeth-

ylene (PTFE) tubing (inner diameter: ID = 0.79 mm, outer diameter: OD = 1.58 mm, length: 

L = 450 mm) to the microfluidics device (Figure 1). The microfluidics device has a co-flow 

capillary-based configuration composed of two concentric capillary tubes: an outlet glass 

capillary tube (To) (IDo = 580 µm, ODo = 1 mm, Lo = 152 mm, World Precision Instruments 

Germany GmbH) for the continuous phase and an inlet-fused silica capillary tube (Ti) (IDi 

= 100 µm, ODi = 190 µm, Li = 75 mm, Postnova Analytics GmbH, Landsberg am Lech, 

Germany) for the dispersed phase. At the tip of the inlet tube, the dispersed phase (mon-

omer solution) stream was segmented by the continuous phase to form monomer solution 

droplets that were subsequently delivered through the outer tubing into a 50-mL Erlen-

meyer flask containing 10 mL of the continuous phase solution under stirring. 

 

Figure 1. The co-flow microfluidics device. 

The system was turned on a t = 0 at constant flow rates to form droplets of controlled 

size until the 10 mL syringe mounted on P1 became empty. The UV-initiated polymeriza-

tion was carried out online until t = 1 h using a UV lamp (STERILUV Trio UVA UVB UVC 

Compact 230 V/P190 W, λ = 265 nm) in two different ways, as shown in Figure 2: (a) in-

situ: the system functioned for 1 h, during which the outer capillary tubing was directly 

exposed to UV-light and droplets were solidified inside it; (b) off-tubing: the system was 

turned on for 1 h, during which the droplets were exposed to UV-light starting from the 

moment they exited the glass tubing to the flask until the end of the experiment. 
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Figure 2. The different polymerization configurations: (a) in-situ; (b) off-tubing. 

2.4. Fluid Characterization and Properties 

The fluids used in this study are listed in Table 1 with their corresponding notations, 

densities and viscosities. The density (ρ) was measured by injecting 3 mL of the fluid sam-

ple using a Thermo F1 micropipette (1–10 mL) and weighing it using a Mettler Toledo 

XPE105 balance (precision 0.01 mg). The measurements were repeated three times, and 

the average was calculated. The viscosities of the fluids were measured using a HAAKE 

MARS iQ Air Rheometer. The variation of the photoinitiator in the co-monomers between 

0.25 and 1 wt.% did not have a significant impact on the viscosity. Similarly, the variation 

of SDS concentration in water between 0.25 and 1 wt.% did not change the viscosity. 

Table 1. The physical properties of fluids used in the present study. 

Fluid Notation 
Density 

ρ (g/mL) 

Viscosity 

µ (cP) 

Dispersed phase 

99 wt.% m-Cyrene and 1 wt.% MAN, with 0.25 wt.% DMPA D1 1.07 ± 0.007 4.2 ± 0.04 

99 wt.% m-Cyrene and 1 wt.% MAN, with 0.5 wt.% DMPA D2 1.07 ± 0.007 4.2 ± 0.04 

99 wt.% m-Cyrene and 1 wt.% MAN, with 1 wt.% DMPA D3 1.07 ± 0.007 4.2 ± 0.04 

8 wt.% m-Cyrene and 92 wt.% MAN, with 0.25 wt.% DMPA D4 1.02 ± 0.006 18 ± 0.18 

8 wt.% m-Cyrene and 92 wt.% MAN, with 0.5 wt.% DMPA D5 1.02 ± 0.006 18 ± 0.18 

8 wt.% m-Cyrene and 92 wt.% MAN, with 1 wt.% DMPA D6 1.02 ± 0.006 18 ± 0.18 

Continuous phase 

1.25 wt.% SDS in water A1 1 ± 0.002 1.5 ± 0.01 

The interfacial tension (γ) between the dispersed and aqueous continuous phases 

was measured by a GBX Digidrop DGD-MCATV6 tensiometer using the pendant droplet 

method (reported in Table 2). To measure the γ between the two continuous phase liquids 

(A1 and A2) and the dispersed phase solutions (D4–D6), a 1-µL pendant droplet of the 

latter was formed in an optical cell containing the continuous phase. The surface tension 

was then measured, and the droplet formation and interfacial tension measurement were 

repeated two more times to calculate an average. Since the critical micellar concentration 

(CMC) of SDS was 8.2 mM (equivalent to 0.2 wt.%), all the surfactant solutions of this 

study were above the CMC. This explains the non-variation of γ with the concentration 

of SDS in the continuous phase. The interfacial tensions between solutions (D1–D3) and 

A1 and A2 were too small to form a pendant droplet and be measured. 
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Table 2. The surface tensions between dispersed and continuous phases. 

Continuous 

Dispersed 

γ (mN/m) 

A1 

D1 

Very small to be measured using a GBX tensiometer D2 

D3 

D4 

1.8 ± 0.3 D5 

D6 

2.5. Imaging 

The droplet formation images were acquired using a Zeiss Axio Zoom.V16 stereo 

microscope (Carl Zeiss Microscopy GmbH, Germany) equipped with a charged-coupled 

device (CCD) camera (Hamamatsu ORCA-flash4.0LT, 30 fps maximum framerate) and 

controlled using Zeiss Zen 2.6 (blue edition, ZEISS, Germany) software, using the objec-

tive Apo Z 1.5×. The image resolution was 2048 × 2048 pixels, which represents a field 

width of 4.16 mm × 4.16 mm. 

The size, shape and morphology of the formed polymer microparticles were ob-

served using an environmental scanning electron microscope (ESEM, FEI Quanta 200) in 

low vacuum mode. Samples were mounted on an aluminum stub using double-sided car-

bon tape. The diameters of the droplets and microparticles were determined as the aver-

age of 10–30 microparticles measured using ImageJ 1.53t software. The CV of the micro-

particles was calculated as the ratio between the relative standard deviation of their di-

ameters and the average diameter. 

The 3D microstructures of microparticles were acquired via X-ray tomography (Easy-

TOM XL 150/160, RX-solution, France). The tomography configuration was set up with a 

nano-source (LB6 filament), a CCD camera of 2016 × 1344 pixels, a pixel size of 0.4 µm, an 

exposure time of 1 s per frame and an average of 10 frames per projection. The X-ray 

source voltage was set at 100 kV, and the working current was 190 µA. For these acquisi-

tion parameters, each scan lasted approximately 4 h, and approximately 1440 projections 

were recorded. The reconstruction was performed using X-Act software 22.06 (RX-Solu-

tions, France) to produce 3D images, which were further analyzed in Avizo 2019.2 

(Thermo Fisher Scientific, Waltham, MA, USA). 

First, 3D volume visualization of the stacks was performed by applying the Volume 

Rendering tool. Second, subvolumes were extracted from the original datasets and pro-

cessed using a 3D “median filter” to reduce the noise. Next, the background was removed 

using the “watershed” tool from the segmentation editor. Then thresholding was applied 

to separate the pores from the matrix. Thereafter, the 3D volume of the matrix and the 

pores were obtained using the “materiel statistics” function. The pore volume fraction was 

calculated by dividing the 3D volume of the pores by the total 3D volume. Finally, the 

“labeling” tool was applied to assign pores as individual particles, thereby facilitating the 

quantification of their 3D volumes by using the “label analysis” function. 

3. Results 

The in-situ and off-tubing online polymerization of m-Cyrene monomer droplets 

without MAN did not yield microparticles with photoinitiator concentrations at 1 and 5 

wt.%. Instead, polymeric aggregates were formed (see Supplementary Information). On 

the other hand, the microparticles blocked the tubing and caused clogging in certain in-

situ polymerization experiments of m-Cyrene-MAN droplets (92 wt.% of MAN) at sizes ≈ 

500 µm—close to that of the capillary tubing’s inner diameter (ID = 580 µm). As a result, 

the next microparticles were blocked behind the previous ones, forming a tail shape (see 

Figure 3). The clogging of the tubing made the continuous production process nonfeasible; 
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however, this implies that the polymerization time is estimated to be less than the resi-

dence time (<10 s). 

 

Figure 3. ESEM image of the microparticles arranged in a string-like shape after in-situ polymeriza-

tion. Experimental parameters: mixture R1, Qc = 10 mL/h; Qd = 0.1 mL/h; Cp = 1 wt.%; Cs = 1.25 wt.%. 

Therefore, we studied the online formation of polymer microparticles from a mono-

mer mixture of m-Cyrene and MAN. We adopted off-tubing polymerization to avoid clog-

ging problems and to have a continuous performing system, regardless of the droplet size. 

After polymerization, the formed microparticles were suspended in the SDS solution in the 

flask at the end of the experiment. The suspension was then centrifuged at 3000 rpm for 10 

min using a Beckmann Coulter Allegra X-15R and rinsed three times with deionized water to 

remove excess SDS. The continuous phase was removed by decantation, and the microparti-

cles were dried under a vacuum overnight to remove any remaining traces of water. 

The shape and porosity of the produced polymer microparticles are influenced by 

parameters like the photoinitiator and surfactant, their respective concentrations and the 

flow rates. The concentration of the photoinitiator in the dispersed phase and that of sur-

factants in the continuous phase should be sufficient for this process. However, it is also 

worthwhile to employ fewer raw materials in the process from a sustainability perspective 

and to facilitate the purification post-processing—especially in the case of up-scaling. 

Therefore, we discuss the impact of reducing the photoinitiator concentration on the 

formed polymer microparticles for two different monomer mixtures: R1 with MAN at 1 

wt.% and R2 with MAN at 92 wt.%. The influence of flow rates Qc and Qd on droplet 

formation and microparticle synthesis is then discussed in both compositions. The latter 

affects the microparticle porosity, which was analyzed by microtomography. 

3.1. Effect of Photoinitiator Concentration 

As mentioned in the study of Kiatkamjornwong et al. [43], photoinitiator concentra-

tion (Cp) affects the polymerization reaction and microparticle shape. In this section, we 

investigate the influence of Cp on the polymerization of two different monomer mixture 

droplets: R1 (1 wt.% MAN, 99% m-Cyrene) and R2 (92 wt.% MAN, 8 wt.% m-Cyrene). 

The droplets were formed using both mixtures (R1 and R2) with three distinct photoiniti-

ator concentrations (Cp = 0.25, 0.5 and 1 wt.%), while the continuous phase was 1.25 wt.% 

SDS solution in water (C1 in Table 1) and flow rates were fixed at Qc = 10 mL/h and Qd = 

0.1 mL/h in all experiments presented in Table 3. Due to its surface tension, which was too 

small to be measured, the monomer mixture R1 experienced a substantial translation over 

a short time scale while exiting the capillary tube, leading to the formation of a narrow 

thread between the droplet and the capillary tube. The thread then broke into droplets 



Sustainability 2023, 15, 2023 9 of 20 
 

 

with an average size of 250 µm and a CV of 3.7%, at a frequency of approximately 1 drop/s 

in experiments E1–E3 (Figure 4a). On the other hand, the droplets formed from R2 had a 

higher surface tension (experiments E4–E6) and followed a periodic dripping regime (see 

Figure 4b). Contrary to the case of R1, the surface tension of R2 was stronger and sufficient 

to hold the droplet to the capillary tube for a longer time; thus, droplets had a larger vol-

ume before detaching. As a result, the size of droplets formed by R2 (�̅� ≈ 500 µm, CV = 

2%) was double that of the droplets formed by R1, with a lower droplet formation fre-

quency (approximately 0.4 drop/s). 

Table 3. Parameters of experiments conducted to study the effects of photoinitiator concentration. 

Exp. 
Monomer 

Mixture 

Dispersed 

Phase 

Continuous 

Phase 

Qc 

(mL/h) 

Qd 

(mL/h) 

Cp 

(wt.%) 

Cs 

(wt.%) 

�̅� 
(µm) 

E1 R1 D1 A1 10 0.1 0.25 1.25 250 

E2 R1 D2 A1 10 0.1 0.5 1.25 250 

E3 R1 D3 A1 10 0.1 1 1.25 250 

E4 R2 D4 A1 10 0.1 0.25 1.25 500 

E5 R2 D5 A1 10 0.1 0.5 1.25 500 

E6 R2 D6 A1 10 0.1 1 1.25 500 

 

Figure 4. Droplet formation stages for different dispersed phases. (a) R1: Qc = 10 mL/h, Qd = 0.1 

mL/h, Cs = 1.25 wt.% and Cp = 1 wt.%; (b) R2: Qc = 10 mL/h, Qd = 0.1 mL/h, Cs = 1.25 wt.% and Cp = 1 

wt.%. 

The system was turned on for 1 h in all experiments, while polymerization occurred 

in the vials as previously described. At the end of the experiment, the collected micropar-

ticles were observed using an ESEM. Figure 5 presents the ESEM images for experiments 

using monomer mixture R1 (1 wt.% MAN, 99 wt.% m-Cyrene: E1, E2 and E3 in Table 3) 

after polymerization. At Cp = 0.25 wt.% (E1), a solid powder was obtained. However, 

ESEM images indicate that the microparticles did not have a spherical shape (Figure 5A). 

This is likely because the droplets experienced coalescence and/or deformation before so-

lidification. At Cp = 0.5 wt.% (E2), the microparticles formed aggregates with microspheres 

on the surface that were distorted (Figure 5B). Both situations could be avoided by collect-

ing the O/W emulsion and ensuring its temporal stability of droplet shape and interface 

before polymerizing. However, this would require a deeper study of the colloidal system, 

which is beyond the goal of the present paper (i.e., the rapid online production of polymer 

microparticles). At Cp = 1 wt.% (E3), we obtained a white powder in the collection flask, 

which appeared to be composed of spherical microparticles with a narrow size distribu-

tion (𝑑𝑚̅̅ ̅̅  = 160 µm, CV = 5%, average aspect ratio χ = 1.05) based on the ESEM microscopy 

images (Figure 5C). This suggests that the higher concentrations of photoinitiator acceler-

ated the UV polymerization process. Indeed, at Cp < 1 wt.%, the droplets remained in a 



Sustainability 2023, 15, 2023 10 of 20 
 

 

liquid state in the Erlenmeyer flask, where they experienced coalescence and deformation 

under stirring before the completion of UV polymerization. On the other hand, with a 

concentration Cp of 1%, the polymerization reaction was completed at the moment of col-

lection, where microparticles with a homogeneous size were obtained. Similarly, non-

spherical particles were obtained from co-monomer R2 with 92 wt.% MAN and 8 wt.% m-

Cyrene at Cp = 0.25 wt.% (Figure 6A), and aggregates of microparticles varying in size 

were presented at Cp = 0.5 wt.% (Figure 6B). However, a concentration Cp of 1% yielded 

polymer microparticles in the form of beads with 𝑑𝑚̅̅ ̅̅  = 330 µm, CV = 2.5% and χ = 1.15 

(Figure 6C). These results show the sensitivity of the process to a photoinitiator concen-

tration of 1 wt.%, which is the minimum required for the online production of micropar-

ticles from mixtures R1 and R2. This concentration was used for all experiments in the 

following parts. 

 

Figure 5. SEM images of experiments: (A) E1 with Cp = 0.25 wt.%; (B) E2 with Cp = 0.5 wt.%; (C) E3 

with Cp = 1 wt.%. The co-monomer is R1, and the experimental parameters are reported in Table 3. 
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Figure 6. ESEM images of experiments: (A) E4 with Cp = 0.25 wt.%; (B) E5 with Cp = 0.5 wt.%; (C) E6 

with Cp = 1 wt.%. The co-monomer is R2, and the experimental parameters are reported in Table 3. 

3.2. Effect of Flow Rate 

The concentration of the photoinitiator was fixed at Cp = 1 wt.%, based on the previ-

ous results, and the concentration of SDS surfactant in the continuous phase was fixed at 

Cs = 1.25 wt.%, which corresponds to five times the CMC required to cover the droplet 

interface. The flow rate of the dispersed phase Qd varied between 0.1 and 1 mL/h, whereas 

the flow rate of the continuous phase Qc varied between 10 and 100 mL/h. Figure 7 pre-

sents images of the R1 droplets rising in the continuous phase (A1) at different flow rates, 

while Figure 8 presents the same information for R2 droplets. The two monomer mixtures 

show distinct behaviors when segmented by the same continuous phase (A1). R2 was in 

a dripping regime at all flow rates of the continuous phase for Qd = 0.1 mL/h; however, 

for Qd ≥ 0.2 mL/h, the dispersed phase underwent a substantial translation over a short 

time scale while exiting the capillary tube, leading to the formation of a narrow thread 

between the droplet and the capillary tube. The thread broke and formed droplets with 

satellite droplets behind them (see Figure 8). On the other hand, due to its low interfacial 

tension with A1, a jetting regime was instead observed in microscopy images for the ex-

periments of monomer R1, except for E7 (Figure 7). Moreover, the jet length increased 

with Qd in accordance with Meister and Scheele’s study [44] and then broke up down-

stream into non-homogeneous-sized droplets by Rayleigh instability as in experiments E8 

and E9, where the CV of the droplets were 12 and 32%, respectively. In experiments E10–

E15, the liquid jet extended along the entire observation window without recording break-

age into droplets. Therefore, the formation of droplets was observed only at Qd = 0.1 mL/h 

for R1. Consequently, we fixed Qd at 0.1 mL/h in the next part to monitor and compare the 

behavior of both co-monomer droplets after UV-initiated polymerization, as well as to 

investigate the effect of Qc. 
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Figure 7. Images of the segmentation of the dispersed phase D3 (co-monomer R1) at different flow 

rates Qc and Qd. Cs = 1.25 wt.% and Cp = 1 wt.%. 

 

Figure 8. Images of the segmentation of the dispersed phase D6 (co-monomer R2) at different flow 

rates Qc and Qd. Cs = 1.25 wt.% and Cp = 1 wt.%. 

The system was turned with both dispersed phases (R1 and R2) at Qd = 0.1 mL/h (as 

previously mentioned) and at four values of Qc: 1, 10, 20 and 50 mL/h, corresponding to 

Qc/Qd = 10, 100, 200 and 500, respectively. Figure 9 presents the variation of the droplet 

diameter as a function of Qc/Qd for R1 and R2. In accordance with the literature results, 

the droplet size decreased with Qc/Qd in both cases due to the higher shearing force ex-

erted on the dispersed phase [45]. However, in the case of R1, experiments E9 and E10 

(Qc/Qd = 20 and 50, respectively) showed larger error bars in Figure 10 when compared to 

the error bars of experiments with R2. This is the result of the jet breakup into non-mono-

disperse droplets in the aforementioned experiments. Table 4 presents the experimental 

parameters and droplet sizes of all experiments, and Table 5 presents the sizes of droplets 

and microparticles in experiments using R1 or R2 as the dispersed phase with comparable 

flow rates. Concerning the experiments with R1, the thread formed in E7 (Qc/Qd = 10) was 

broken into relatively monodisperse droplets (CV = 5.7%; see Figure 7); however, the 
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formed microparticles accumulated together, and it was difficult to distinguish each one 

of them separately under the ESEM (Figure 10A). As a result, it was not possible to deter-

mine the mean size of the polymer microparticles in this experiment. The increase of Qc/Qd 

to 100 (E8) permitted the reduction of monodisperse droplet sizes by approximately a fac-

tor of 2 (�̅� ≈ 255 µm), while the polymerization yielded a powder composed of spherical 
microparticles with 𝑑𝑝̅̅ ̅ ≈ 160 µm and CVp = 5% (Figure 10B). Similarly, a powder was ob-

tained at Qc/Qd = 200 (E9); however, the microparticles were not monodisperse (CVp = 

17%; see Figure 10C). This dispersion was initiated as the jet broke up into droplets with 

a wide size distribution. On the other hand, R2 was segmented into monodisperse drop-

lets (CV ≤ 2%) in a dripping mode for all flow rate ratios reported in Table 5, with the 

droplet size decreasing with the flow rate ratio. Indeed, the droplets in E17 (Qc/Qd = 10) 

had the same size as the inlet diameter of the capillary tube (�̅� ≈ 580 µm), and monodis-

perse microbeads were also formed after polymerization, where 𝑑𝑝̅̅ ̅ ≈ 416 µm and CVp = 

4% (Figure 11A). The formation of smaller monodisperse droplets at Qc/Qd = 100 (�̅� ≈ 503 

µm and CV = 2%) unsurprisingly led to smaller monodisperse microparticles (where dp̅̅ ̅ 

≈ 329 µm and CVp = 2.6%) in experiment E18 (see Figure 11B). However, at Qc/Qd = 200, an 

aggregate was observed with some spherical microparticles sticking to its surface (see Fig-

ure 11C). 

Table 4. Parameter of the experiments conducted to study the variation in flow rates. In E9 and E10, 

droplets were produced by jet breakup. Cp = 1 wt.% and Cs = 1.25 wt.%. 

 
Monomer 

Mixture 

Dispersed 

Phase 

Continuous 

Phase 
Qc (mL/h)  Qd (mL/h) 

�̅� 
(µm) 

CV 

(%) 

E7 R1 D3 A1 1 0.1 493 5.7 

E8 R1 D3 A1 10 0.1 255 3.6 

E9 R1 D3 A1 20 0.1 166 12 

E10 R1 D3 A1 50 0.1 125 32 

E11 R1 D3 A1 10 0.2 - - 

E12 R1 D3 A1 20 0.2 - - 

E13 R1 D3 A1 10 0.3 - - 

E14 R1 D3 A1 20 0.3 - - 

E15 R1 D3 A1 10 0.5 - - 

E16 R1 D3 A1 10 1 - - 

E17 R2 D3 A1 1 0.1 580 1.6 

E18 R2 D6 A1 10 0.1 503 2 

E19 R2 D6 A1 20 0.1 450 1 

E20 R2 D6 A1 50 0.1 340 2 

E21 R2 D6 A1 10 0.2 527 2 

E22 R2 D6 A1 20 0.2 453 1.7 

E23 R2 D6 A1 50 0.2 363 3 

E24 R2 D6 A1 10 0.3 545 2.8 

E25 R2 D6 A1 20 0.3 478 2.6 

E26 R2 D6 A1 10 0.5 566 4.3 

E27 R2 D6 A1 10 1 641 6.8 

E28 R2 D6 A1 20 1 512 1.4 

Table 5. Droplet sizes and their corresponding microparticle sizes, with their corresponding coeffi-

cient of variation. 

 Co-Monomer Qc/Qd �̅� (µm) CV (%)  𝒅𝒑̅̅̅̅  (µm) CVp (%) 

E7 R1 10 493 5.7 - - 

E8 R1 100 255 3.6 160 5 

E9 R1 200 166 12 128 17 

E17 R2 10 580 1.6 516 4 

E18 R2 100 503 2 329 2.6 

E19 R2 200 450 1 - - 
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Figure 9. Droplet size variation as a function of Qc/Qd for co-monomers R1 and R2 with Qd = 0.1 

mL/h, Cs = 1.25 wt.% and Cp = 1 wt.%. Error bars represent the standard deviation. 

 

Figure 10. ESEM images after the UV polymerization of R1 droplets for experiments: (A) E7: Qc/Qd 

= 10; (B) E8: Qc/Qd = 100; (C) E9: Qc/Qd = 200. Qd = 0.1 mL/h, Cs = 1.25 wt.% and Cp = 1 wt.%. 
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Figure 11. ESEM images after the UV polymerization of R2 droplets for experiments: (A) E17: Qc/Qd 

= 10; (B) E18: Qc/Qd = 100; (C) E19: Qc/Qd = 200. Qd = 0.1 mL/h, Cs = 1.25 wt.% and Cp = 1 wt.%. 

3.3. Morphology and Porosity 

As noted in the previous section, monodisperse microparticles were formed from R1 

at Qc/Qd = 100 (E8) and from R2 at both Qc/Qd = 10 and 100 (E17 and E18, respectively). In 

this section, we focus on experiments E8 and E18, which were conducted using the mon-

omer mixtures R1 and R2, respectively, and had the same flow rate ratio Qc/Qd, same sur-

factant concentration and photoinitiator concentration to compare the effects of MAN con-

centration on the morphology and surfaces of the microparticles. Figure 12A,C presents 

the SEM images of experiments E8 and E18, respectively. The ESEM images of both mi-

croparticles show smooth surfaces despite the different concentrations of MAN used. 

However, the microparticle of E8 (Figure 12A) seems to be more porous than that of E18 

(Figure 12C). Since SEM images give only a qualitative description of the surface and mor-

phology of microparticles, a more advanced and precise technique is required to make a 

quantitative description of microparticle porosity. Therefore, the same microparticles pre-

sented in Figure 12A,C (experiment E8 and E18, respectively) were scanned using X-ray 

tomography, and the 3D images were reconstructed according to the methodology re-

ported in Section 2.5. The 3D reconstructed images of the microparticles in experiment E8 

(Figure 12B) and experiment E18 (Figure 12D) were successful, with a very good resolu-

tion (down to 0.4 µm) for one microparticle of d ≈ 160 µm in E8 and 330 µm in E18. 
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Figure 12. (A) ESEM image of a microparticle formed from R1 (E8) and (B) the corresponding re-

constructed 3D tomographic scan image of the same microparticle. (C) The ESEM image of a micro-

particle formed from R2 (E18) and (D) the corresponding reconstructed 3D tomographic scan image 

of the same microparticle. Qc/Qd = 100. Qd = 0.1 mL/h, Cs = 1.25 wt.% and Cp = 1 wt.%. 

3D-reconstructed images of the matrices and pores inside the microparticles in ex-

periment E8 (R1) are shown in Figure 13A,C, respectively, while Figure 13B,D represent 

the same information for experiment E18 (R2). We observed that the 3D images of the 

matrix in experiment E8 depict more porosity when compared to those for E18. While an 

ESEM can only show the surface pattern, 3D tomography reveals the pores inside the 

structure and allows the calculation of the porosity of both microparticles according to the 

method reported in Section 2.5. In fact, the pores inside the microparticle of experiment 

E8 ranged between 0.4 and 10 µm, corresponding to 0.24–6% of the microparticle diame-

ter, with 85% of the pores ranging between 1 and 3 µm (0.24–1.8% of the microparticle 

diameter), and a porosity of approximately 30%. On the other hand, the porosity in E18 

was drastically smaller than that of E8 (approximately 2%), with 97% of the pores ranging 

between 0.4 and 3 µm (0.1–1% of microparticle diameter). This result demonstrates the 

importance of MAN in the monomer mixture to control the porosity of microparticles, 

with pores having a relatively homogeneous size in experiments E8 and E18 with drasti-

cally different MAN concentrations (1 and 92 wt.%, respectively). MAN concentration 

seems to be critical for controlling microparticle porosity since 1 wt.% MAN resulted in a 
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microparticle porosity of approximately 30%, while the porosity was only 2% with the 92 

wt.% MAN ratio used in E18. 

 

Figure 13. 3D tomographic images of the microparticle matrices of (A) experiment E8 (formed from 

R1) and (B) experiment E18 (formed from R2), and the 3D tomographic image of the pores inside 

the microparticles in experiments (C) E8 and (D) E18. All presented 3D images were reconstructed 

from the scans using the nanotomographic source. Qc/Qd = 100. Qd = 0.1 mL/h, Cs = 1.25 wt.% and Cp 

= 1 wt.%. 

4. Discussion 

In the case of m-Cyrene, the microfluidic online production of polymer microparti-

cles was not possible without the addition of a co-monomer such as MAN, even with a Cp 

of 5 wt.%. However, the addition of MAN in two different concentrations (1 and 92 wt.%) 

allowed this production with 1 wt.% of photoinitiator. The reported results have three 

advantages. From an efficiency perspective, the polymerization reaction was first acceler-

ated. Second, from a sustainability perspective, the reduction of raw photoinitiator mate-

rial from 5 wt.% down to 1 wt.% decreases the amount of waste generated. Finally, the 

presence of MAN in the preparation procedure of m-Cyrene avoids excessive and energy-

consuming purification processes. 

The microfluidic process is known to be rapid, inexpensive and controlled. In this 

article, we validate the previously reported capability of microfluidics to control the size 

of microparticles by tuning the flow rate [15,16,19] in the case of monomer R2 (E17 and 

E18; see Figure 11). The case of R1 showed more limitations since a further increase in Qd 

to more than 0.1 mL/h resulted in a jet of the dispersed phase that broke into polydisperse 

and non-spherical droplets (Figure 7). The experiment with Qc = 10 mL/h and Qd = 0.1 

mL/h (E8 and E18) represents an interesting comparison case for both R1 and R2. The 

variation of the MAN concentration in the dispersed phase from 1 wt.% in R1 to 92 wt.% 

in R2 drastically changed the viscosity and density of the fluid, and thus the size of the 

formed droplet. Therefore, the concentration of MAN can serve the same role as flow rates 
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in tuning the droplet size. Moreover, porosity is a significant parameter that determines 

the capacity efficiency and release kinetics of the encapsulated phase [4]. Thus, controlling 

the porosity is of particular importance. The 1 wt.% MAN concentration (R1) yielded mi-

croparticles with porosity 15 times higher than the 92 wt.% MAN mixture. This results in 

a total of five advantages of the addition of MAN: (1) accelerating the polymerization re-

action; (2) lowering the consumption of raw materials; (3) avoiding excessive purification 

processes; (4) controlling the droplet size; (5) controlling the microparticle porosity to 

adapt it to the targeted application. The latter advantage is significant because the ultimate 

goal is to encapsulate an active ingredient within a micro-polymeric shell constituted of 

m-Cyrene and MAN, while the control of porosity is equivalent to the control of micro-

capsule capacity and release kinetics. This is why it was of critical importance to study the 

behavior of m-Cyrene and MAN mixtures of different ratios when segmented into drop-

lets and polymerized in a microfluidic device before discussing the microencapsulation in 

this article. The present results introduce the mixture of m-Cyrene and MAN as a potential 

shell material with a porosity that can be controlled by the concentration of MAN. 

5. Conclusions 

Cyrene™ is a green bio-based solvent extracted from cellulosic biomass. However, 

its high cost is considered the main drawback, which limits its use on an industrial scale 

[46]. The Resolute project, with 11 European partners and a total budget of EUR 23 M, 

aims to convert waste cellulosic biomass into safe, environmentally friendly chemicals like 

Cyrene™ on an industrial scale. This will significantly increase production, reduce the 

price and allow the efficient industrial implementation of green substitutes like Cyrene™. 

Previous publications have shown that Cyrene™ can be converted into a renewable bio-

sourced monomer such as m-Cyrene™ [41]. In this work, we applied the same procedure 

reported in the literature and took advantage of the produced m-Cyrene™ to form mon-

odisperse droplets and to polymerize them in a microfluidic device. We reported a sus-

tainable and environmentally friendly droplet-based microfluidic process to fabricate the 

porous microparticles derived from Cyrene™. MAN was used as a co-monomer to accel-

erate the polymerization of droplets. In addition, the MAN concentration in the mixture 

was shown to play a similar role to the flow rate in determining the droplet size, with 

another potential role being to fix the porosity of the microparticle. This original result 

introduces the possibility of encapsulating an active ingredient with the capability of con-

trolling the shell porosity using MAN. 
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