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a b s t r a c t 

The production of sub-10 μm cellulose microbeads via membrane emulsification using isoporous membranes is 

reported here for the first time. Poly(ethylene terephthalate) membranes, with defined interpore distances, pore 

diameters and straight-through pores were fabricated via photolithography. A dispersed phase of 8 wt% cellulose 

solution was extruded through the membrane pores, forming, due to shear provided by an overhead stirrer, 

cellulose solution droplets dispersed in a continuous phase composed of 2 wt% and 5 wt% Span in sunflower 

oil. Upon phase inversion with ethanol, sub-10 μm microbeads with a coefficient of variation (CV) < 45 % were 

produced by exploring the Weber number ( We d ) - Capillary number ( Ca c ) emulsion generation space. 

These results show that sub-10 μm cellulose microbeads can be produced using isoporous polymer membranes 

fabricated via photolithography, for use in a wide range of applications in the personal care, food and drug 

industries. 

1. Introduction 

Innovative methods for microbeads production, using biodegradable 

and non-toxic materials, are needed to meet urgent demands for the re- 

placement of government-banned and single-use environmentally per- 

sistent plastics ( WRAP 2021 ), whilst meeting expected growth for mi- 

croparticles ( Frost and Sullivan 2015 ). This is driven by growing use of 

microbeads in the healthcare (e.g pharmaceuticals and drug delivery) 

( Choi et al., 2021 , Xiong et al., 2021 ), food and beverages ( Arenas- 

Jal et al., 2020 , Hu et al., 2021 , Jayanudin and Heriyanto, 2021 ), 

paints and coatings ( Li et al., 2018 ), and cosmetics and personal care 

( Hwang et al., 2020 , Vatankhah et al., 2020 , Carbone-Howell et al., 

2013 ) industries. 

A key specification for microbeads is monodispersity, which in- 

creases the shelf life of products they are used in, as a result of increased 

particle stability by supressing Ostwald ripening effects ( Vladisavljevi ć

Abbreviations: Ca c , Capillary number of the continuous phase; CP, Continuous Phase; D o , pore diameter of the membrane; DP, Dispersed Phase; ME, Membrane 

Emulsification; MC, Microcrystalline cellulose; n , rotational speed of the overhead stirrer; PET, Poly(ethylene terephthalate); Q DP , flowrate of the dispersed phase, 

SEM, scanning electron microscopy; v c , velocity of continuous phase on membrane surface due to rotation of overhead stirrer; v d , velocity of disperse phase at a pore 

entrance; We d , Weber number of the dispersed phase; 𝜌d , density of dispersed phase; 𝛾, interfacial tension between disperse and continuous phases; 𝜇c , viscosity of 

the continuous phase. 
∗ Corresponding author. 

E-mail address: d.mattia@bath.ac.uk (D. Mattia) . 

et al., 2014 ). Furthermore, monodispersity improves the predictability 

of both the microbeads’ performance (e.g active encapsulation and re- 

lease) ( Matos et al., 2015 ) and degradation ( Busatto et al., 2018 ). 

Unlike conventional methods of emulsification such as agitation 

( Liedtke et al., 2000 ) and high pressure homogenisation (which do 

not produce uniform microbeads but meet the manufacturing scale up 

needs) ( Floury et al., 2002 ), or microfluidic methods (which meet the 

microbeads uniformity requirement but are not scalable) ( Ekanem et al., 

2017 , Vladisavljevi ć et al., 2018 ), membrane emulsification has been 

demonstrated as a promising method for meeting both uniformity and 

scale up requirements ( Wilson et al., 2021 , Ekanem et al., 2022 ). How- 

ever, achieving particles below 10 μm with a narrow size distribution 

has proven, so far, challenging. This is due to a lack of uniformly spaced 

and straight-through membranes with sub-10 μm pore diameters, which 

has limited the use of membrane emulsification to the production of mi- 

crobeads derived from parent emulsions droplets that were either gen- 
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erated from membranes that have non straight-through pores, which 

increase the required cross membrane pressure (e.g composite ceramic 

membranes ( Medina-Llamas et al., 2020 , Reis et al., 2021 ) and Shirasu 

porous glass (SPG) membranes ( Park et al., 2021 )); or straight-through 

anodic membranes ( Medina-Llamas and Mattia, 2017 ) with uneven in- 

terpore distances which, similar to non straight-through pore mem- 

branes, increase the probability of droplet coalescence during droplet 

growth or detachment. 

In this work, the photolithographic fabrication of membranes pos- 

sessing straight-through pores with controlled diameters and interpore 

distances is highlighted and their potential use in ME systems is demon- 

strated by producing biodegradable cellulose microparticles with sub-10 

μm diameters using sustainable feedstock materials and solvents. 

2. Materials and methods 

2.1. Materials 

Poly(ethylene terephthalate) (PET) dense films (2.5 𝜇m thick, 3- 

inch diameter) (Mylar®) were purchased from Chemplex Industries, 

Inc. Silicon wafers (4-inch diameter) were bought from University 

Wafer, photomasks (5 × 5 -inch) were supplied by Nanofilm. Microcrys- 

talline cellulose (MC, Sigma-Aldrich, powder, 20 𝜇m particle size) was 

azeotropically dried from n-butanol (Fisher Scientific, > 99% purity) 

on a rotary evaporator before use. 1-Ethyl-3-methylimidazolium acetate 

([EMIm][OAc], > 95% purity, BASF, Basionics, 0.5% moisture content), 

sunflower oil (Tesco), Ethanol (absolute, ≥ 99.8% purity), Span 80, were 

all used as received from Sigma-Aldrich. 

2.2. Membrane fabrication and characterisation 

The series of isoporous membranes were prepared following the fab- 

rication protocol reported earlier ( Sabirova et al., 2020 ). Briefly, five 

different photomasks were fabricated via 𝜇PG501 (Heidelberg Instru- 

ments) direct-writing tool using patterns with different pores sizes and 

interpore distance designed in Tanner EDA L-edit software. Each pho- 

tomask had a porous area of 3-inch in diameter with uniform pores (a) 

and interpore distance (b) in size corresponding to (a × b): 0.7 × 6 μm; 

2 × 20 μm; 7 × 70 μm; 10 × 100 μm. Then, each PET dense film was at- 

tached to a silicon wafer, spin-coated with a 1.6 μm layer of photoresist 

and baked at 110°C for 30 seconds. The sample was loaded following the 

patterned photomask in the photolithography tool (EVG-620). After the 

UV-light exposure, the sample was immersed into the AZ-726 MIF de- 

veloper bath for 90 seconds, then washed with DI water and dried with 

nitrogen. The pores fabrication process was finalized by etching the sam- 

ple with sulphur hexafluoride (SF 6 ) and oxygen (O 2 ) using inductive- 

coupled plasma reactive ion etching (Oxford Instruments). The etched 

membrane was then washed with acetone, rinsed with isopropyl alcohol 

and DI water, dried and detached from the silicon wafer. All five mem- 

branes were fabricated using the same procedure, only changing the 

patterned photomask. To tune the size of the pores to sub-micron the 

(2 μm × 6 μm) membrane was coated with dichloro-[2,2]-para-xylylene 

(Parylene C) using chemical vapour deposition tool (Lab coater®2). For 

Characterisation, the membranes’ surfaces were sputter-coated with a 3 

nm thick layer of iridium and imaged by scanning electron microscopy 

(SEM) on a Nova Nano 630 FEI microscope. 

2.3. Phase preparation and characterisation 

Using previously reported methods for MC dissolution 

( Coombs Obrien et al., 2017 ), 8wt% cellulose solution as dispersed 

phase (DP) was prepared by dissolving the required amount of MC 

in a solution of 1-ethyl-3-methylimidazolium acetate (30:70 w/w, 

[EMIm]-[OAc]:DMSO). For the continuous phase (CP), solutions of 2 

wt% or 5 wt% span 80 in sunflower oil were prepared. 

The rheology of the dispersed and continuous phases was determined 

using a Discovery HR-3 rheometer (TA Instruments, New Castle, USA). 

Shear rate sweeps from 0.1 to 1000 1/s using a 40 mm cone (angle = 1 

deg:0min:25 sec) and plate (gap = 29 mm) were obtained at 25°C for all 

measurements. Interfacial tension measurements were performed using 

a FTA1000 B Class tensiometer (First Ten Angstroms, Portsmouth, USA), 

and the interfacial tension between the disperse and continuous phases 

was measured using a pendant drop method: The DP droplet ( ∼0.5 μL) 

was suspended from a needle (18 gauge) into a transparent cuvette con- 

taining the CP and values obtained before droplet detachment from the 

needle. An average of 10 measurements were taken from the DP pendant 

droplet. 

2.4. Membrane emulsification apparatus and particle production and 

characterisation 

Fig. 1 a shows a schematic of the membrane emulsification rig used 

for emulsification. The rig consists of an overhead stirrer, a 50 mL tank, 

Fig. 1. (a) Schematic of membrane emulsification apparatus (b) Membrane assembly holder. 
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and a membrane assembly holder ( Medina-Llamas and Mattia, 2017 ) for 

emulsification. 

For emulsification, the membrane was carefully cut to a 13mm diam- 

eter, sandwiched between silicon gaskets and transferred to the mem- 

brane assembly ( Fig. 1 b). The membrane assembly was then screwed to 

the bottom of the tank and filled with 25 mL CP. The DP delivery tube 

was filled with the DP and connected to the membrane assembly holder 

before the DP was pumped to the membrane assembly holder using a 

syringe pump at flow rates of 0.008 ml/hr or 0.015 ml/hr. Upon extru- 

sion from the membrane pores, droplets of the DP were generated in the 

CP as a result of the continuous shear provided by the stirrer (800 rpm 

-2000 rpm) positioned 2 mm above the membrane. Generated droplets 

were then collected, at a DP concentration of 0.16 vol%, into a 100 

mL measuring cylinder containing ethanol where a 1:4 vol emulsion: 

ethanol ratio, necessary for phase inversion in the absence of stirring 

( Coombs Obrien et al., 2017 ), was maintained. This allowed for suffi- 

cient mixing/settling time to promote simultaneous solvent dissolution 

in ethanol and controlled phase inversion to maintain sphericity of par- 

ticles. The cellulose beads, formed as a result of antisolvent precipitation 

or phase inversion, were extracted by suction filtration (0.2 𝜇m, nylon- 

66 filter paper), washed with ethanol (3 aliquots). To minimise particle 

aggregation, washed microparticles were rotary evaporated to dry for 

subsequent SEM imaging (JEOL SEM648OLV scanning electron micro- 

scope) and redispersed in deionized water with brief sonication (37 Hz, 

20 s pulse, 80% power, Fisherbrand ultrasonic cleaner) before optical 

microscopy (SP400 Metallurgic microscope, Brunel Microscopes) image 

acquisition. Image analysis to obtain coefficient of variation (CV) val- 

ues was performed using ImageJ v.1.52 Java software (Wayne Rasband, 

National Institute of Health). 

Reported errors were determined from the standard deviation of mi- 

crobead properties averaged from 3 samples of emulsions collected from 

each experimental run. Worthy of note is that, though repeat perfor- 

mance of the fabricated membranes were not tested, all fabricated mem- 

branes maintained their structural integrity after use as no structural 

failure of the membranes were observed after experimental runs. 

3. Results and discussion 

3.1. Membrane morphology 

Fabricated membranes possessed straight-through pores with the 

pore diameters and interpore distances fabricated to specification 

( Fig. 2 ). 

3.2. Microbeads production 

Microbeads produced via self-assembly of polymers from their so- 

lution (in the present case from phase inversion of emulsion droplets) 

possess properties which mirror those of their parent microdroplets 

( Coombs Obrien et al., 2017 , Wu et al., 2020 , Ekanem et al., 2015 , 

Ekanem et al., 2017 , Piacentini et al., 2020 ). Consequently, to produce 

microbeads with specific sizes, emulsion generation conditions which 

promote droplet diameters with specific dimensions must be selected. 

Likewise, uniform microbeads are obtained from emulsion droplets pos- 

sessing monodisperse distributions. For ME systems, this means a com- 

plex design space, which can be efficiently analysed using key process 

parameters and phase properties, summarised in Weber number of the 

dispersed phase ( We d ) - Capillary number of the continuous phase ( Ca c ) 

plots with dimensionless numbers obtained from ( Wilson et al., 2021 , 

Coombs Obrien et al., 2017 ): 

𝑊 𝑒 𝑑 = 

𝜌𝑑 𝑣 
2 
𝑑 
𝐷 𝑜 

𝛾
(1) 

and 

𝐶 𝑎 𝑐 = 

𝜇𝑐 𝑣 𝑐 

𝛾
(2) 

where 𝑊 𝑒 𝑑 is the Weber number of the dispersed phase, 𝜌𝑑 is the density 

of dispersed phase, 𝑣 𝑑 is the velocity of disperse phase at a pore entrance, 

𝐷 𝑜 is the pore diameter of the membrane, 𝐶 𝑎 𝑐 is the capillary number 

of the continuous phase, 𝜇𝑐 is the viscosity of the continuous phase, 𝑣 𝑐 
is the velocity of continuous phase on membrane surface due to rotation 

of overhead stirrer and 𝛾 is the interfacial tension between disperse and 

continuous phases. 

Fig. 3 shows a plot of the We d - Ca c magnitudes of microbeads pro- 

duced in this work, with different particle diameters ( D p ) and uniformi- 

ties as a function of process parameter and using isoporous membranes 

with different orifice diameters ( D o ). We d - Ca c routes taken obtain sub- 

10 μm microbeads are shown. 

Emulsification parameters such as the flowrate of the dispersed 

phase ( Q DP ) and rotational speed of the overhead stirrer ( n ), the mem- 

brane properties D o , and interfacial tension ( 𝛾) of the phases were varied 

to obtain different We d - Ca c magnitudes. 

Using the 10 μm and 7 μm pore membranes at low Ca c ( < 0.15) 

and at We d ( > 1e-6), microbeads produced from generated droplets had 

D p > 10 μm with CV values > 45%. This reflects a widening jetting re- 

gion characterised by generating parent microdroplets at low Ca c values. 

Miniaturization to D p < 10 μm was achieved via 3 routes: the increase in 

Fig. 2. SEM micrographs of PET membranes with photolithographically fabricated pores. Pore size X interpore distance: (a1-a2) 10 × 100 μm; (b1-b2) 7 × 70 μm; 

(c1-c2) 2 × 20 μm; (d1-d2) 0.7 × 7 μm. 
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Fig. 3. We d - Ca c plot showing emulsification regimes for microbeads production, using membranes with different pore sizes (D o ). Vertical (red) patterned symbols 

represents emulsification conditions for producing microbeads with D p > 10 μm; horizontal (blue) patterned symbols represent emulsification conditions for producing 

microbeads < 10 μm; and unshaded symbols represent microbeads with diameter coefficients of variations < 50%; (i-iv) Optical micrographs of microbeads produced 

at points i-iv of We d - Ca c plot. (v) SEM micrograph of microbead produced at point iv of We d - Ca c plot. 

Ca c (Path A) to produce microbeads from droplets generated at points 

(i) and (ii); the reduction of We d (Path B) to produce microbeads from 

droplets generated at point (iii); and the combination of Ca c increase 

and We d reduction (Path C) to produce microbeads from droplets gen- 

erated at point (iv). This is typical for membrane emulsification systems 

( Wilson et al., 2021 , Coombs Obrien et al., 2017 ). 

Increasing the Ca c above 0.25 resulted in smaller microbeads with D p 

< 10 μm but relatively non-uniform compared to microbeads obtained 

at Ca c values below 0.25. This is an indication of droplet generation in 

jetting conditions (thinning jetting), characterised by possessing small 

diameters with low monodispersity ( Wilson et al., 2021 ). 

It is noteworthy that the calculated We d magnitudes are higher for 

microparticle production with the 7 μm membrane than the 10 μm one. 

This is due to the greater pore velocity contribution of the disperse phase 

towards the inertial force (to interfacial tension force ratio) when using 

the 7 μm membrane, than the pore velocity contribution when using the 

10 μm membrane. Microparticles produced with membrane diameter 

D o = 7 μm had a D p = 7.9 ± 0.6 μm for point (i) with a CV of 52%, while 

relatively larger microbeads with diameters a D p = 9.6 ± 3.4 μm were 

produced when using a membrane with D o = 10 μm (point (ii) with a 

CV of 57%), at similar droplet generation conditions. 

The importance of the We d effect is observed when exploring the 

We d -Ca c space via the second miniaturisation route to transition away 

from the widening jetting regime, obtained at We d < 1e − 6 , moving to- 

wards the monodisperse dripping regime. Microbeads with a D p > 10 

μm were produced with the 0.7 μm while smaller microbeads with a 

D p = 9.1 ± 0.4 μm were generated for those produced with 2 μm using 

same Ca c conditions but with lower We d as a result of reduced D o at 

point (iii) with a CV of 44%. 

A reduction in particle size was also achieved, in the 3 rd route, by 

increasing the Q d , and hence We d , and simultaneously increasing the 

Ca c . Consequently, sub-10 μm microparticles with D p = 7.3 ± 0.6 μm 

were produced with a CV of 40%. 

The results of the We d - Ca c droplet generation characteristics of 

the system presented here are consistent with previous diameter and 

uniformity We d - Ca c mapping studies on membrane droplet generation 

systems ( Wilson et al., 2021 , Coombs Obrien et al., 2017 ). 

4. Conclusions 

Using photolithography, isoporous membranes with straight- 

through pores and predefined interpore distances and diameters were 

fabricated from PET dense films. Following assembly in a stirred cell 

rig, sub-10 μm cellulose microbeads with CV values < 45% were pro- 

duced by exploring the We d - Ca c space using fabricated membranes 

with pore diameters from 0.7 to10 μm. 

The results show the potential of using isoporous, straight-through 

membranes for membrane emulsification. A stirred cell setup was used 

in this work as it guarantees maximum control over the shear generated 

on the membrane surface ( Medina-Llamas and Mattia, 2017 ), and for 

size compatibility with the isoporous membranes. Future research work 

will focus on integrating these membranes into cross flow ( Holdich et al., 

2020 ) or rotary membrane ( Ekanem et al., 2022 ) emulsification systems, 

particularly addressing challenges concerning the long term stability 

of the membranes at high shear, and system productivity in terms of 

emulsion concentration given the high viscosity of the phases involved, 

as highlighted in recent work on the scaling up of the production of 

biopolymer capsules ( Wilson et al., 2021 ) and beads ( Ekanem et al., 

2022 ). This work will pave way for larger scale production of small mi- 

crobeads and, hence, widen the use of membrane emulsification for the 

production of microbeads to meet demands for healthcare, composites 

materials, transportation, food and beverages, paints and coatings, cos- 

metics, and personal care industries. 
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