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Abstract:

A continuous rotary membrane emulsification (cCRME) system, allowing the decoupling of

droplet generation from continuous phase (CP) flowrate, is presented here for the first time.

The decoupling results in higher productivity and greater contr ed to traditional

crossflow and rotational membrane emulsification processes of experiment (DoE)



1. Introduction

Membrane emulsification (ME) is a technology to generate monodisperse droplets in which
the disperse phase (DP) is extruded, dropwise, into the continuous phase (CP) through a
microporous membrane [1]. Droplet detachment in the continuous phase is driven by forces
associated with the DP flux and interfacial tension (IFT), and facilitated by shear force at the
membrane surface imparted by the CP. Most ME rigs are operated batchwise [2-5] or semi-
continuously [6-9]. Compared with traditional top-down emulsification methods (such as high-
pressure homogenisation or rotor stator systems), membrane emulsification’s bottom-up
approach allows for lower energy usage, lower shear rates and more precise control over droplet
size and uniformity, leading to a wide scope of applications in food, cosmetics and

pharmaceuticals [10].

Abbreviations: s of Variation;\€CF, Central Composite Face design; CP,

membrane emulsifica v, OCNF concentration; Re, Reynolds number; R;, radius of

membrane tube; R,, radius of stationary cylinder; Qcp, continuous phase flowrate; p, density;

7, viscosity of continuous phase; w, angular velocity.



A limitation of ME, however, is its characteristic low concentration output. Cross-flow
membrane emulsification (XME), in which droplets are generated when the DP permeates
through a membrane into a cross flowing CP, has been demonstrated at pilot plant scale as a
batch and semi-continuous automated process [11]. Although XME can operate continuously,
the high CP flow rates required relative to the DP flux result in emulsions with low DP
concentration, giving significantly lower outputs than industrial homogenisers [12].
Nevertheless, the emulsion can be recirculated through the system to increase the DP
concentration to an acceptable level. This reverts the process to a semi-continuous one and can
negatively affect the emulsion quality due to droplet coalescence in process equipment such as
pumps and valves [10]. To meet shear and concentration requirements for monodisperse droplet
generation, potential mitigating solutions include introducing an axial oscillatory pulsation of
the CP [6, 7], or the oscillatory pulsation of the membrane (axially [13] or azimuthally [14]) to
accumulate more droplets. Regardless, these oscillatory solutions have higher energy demands
compared to the simple XME systems [15]. A recent alternative has involved inserting a rod
inside the lumen of a tubular membrane to limit the cross flowing CP to a narrow annular
channel, which also increases droplet shear [16]. While this approach can produce emulsions

‘at industrial scale with higher emulsion concentrations and solves the high shear requirement,
the sensitivity to CP flow perturbations is increased, reducing droplet size control, and different

inner rod diameters are needed to obtain targeted shear ranges.

In rotary membrane emulsification (RME), the DP is extruded from a rotating tubular
membrane into the surrounding CP, and the membrane wall shear generated on the surface of

the membrane facilitates droplet detachment [17, 18]. The DP is allowed to concentrate to a



desired level before terminating the process, which eliminates the need to recirculate the
emulsion, reducing energy consumption, running costs, and risk of damage to droplets [4].
However, this is a semi-continuous process, making scale up challenging. Combining a
continuous flow with rotating membranes to generate emulsions showed that membrane
rotational speed, the annular gap width between rotating membrane and stationary cylinder,
and DP volume fraction were the main factors affecting the size and uniformity of generated
droplets [19]. This study, however, did not investigate the potential to decouple droplet
generation from CP flow rate, a key requirement to combine the advantages of XME and RME.

In this work a novel flow cell was designed and 3-D printed to decouple CP flow rate from
shear generation and enable controlled vortex generation, thereby transforming the RME into
a continuous process. To demonstrate the compatibility of this novel continuous RME (cRME)
system with contemporary sustainable emulsion generation, sustainable biomaterials such as
soluble keratin and oxidised cellulose nanofibrils (OCNF) were used as a sunflower oil (DP)
emulsifier and viscosity modifier, respectively. Biopolymers are increasingly being
investigated as emulsion stabilisers, for their renewable, biodegradable and often surface-active
properties. Proteins and polysaccharides are commonly used in such applications, for example,
recent works describe the use of cellulose nanofibrils [20], zein nanoparticles [21] and pea
protein microgels [22] as Pickering stabilizers for emulsions. Keratin, in particular, is a surface-
active protein [23] solubilised from waste wool or feathers [24], making it a renewable and
inexpensive source of emulsifier. OCNF are produced from cellulose, the most abundant
biopolymer on the planet, with minimal chemical processing, presenting an inexpensive and

renewable plant-derived aqueous rheology modifier [25].



2. Materials and Methods

2.1 Materials

Sunflower oil supplied by Tesco was used as the dispersed phase. Clean Sheep wool

obtained from Wingham Wool Work, UK, was used as a sourc tin. A TEMPO-
oxidized cellulose nanofibril (OCNF) dispersion was a kind gi ODA UK and used to

increase the viscosity of the continuous phase.

2.2 Continuous Phase Preparation

omogenized, adjusted to pH 7, dialyzed again and then dispersed

against deionized wat
using an ultrasonic probe until transparent. The resulting dispersion contained 2 wt% OCNF.
The concentration (wt%) of ~10ml of each stock was determined by lyophilization, calculated

using the initial mass of the sample and the mass of the solids remaining following



lyophilization. An average of three measurements were taken. The stock keratin solution and
OCNF dispersion were mixed and diluted to produce continuous phase preparations of 1 wt%
keratin concentration and varying OCNF concentration (0.5, 0.75 or 1 wt%).

2.3 Viscosity measurement

The rheology of the disperse and continuous phases was m

measurements were conducted at 25 °C.

2 4 Interfacial tension measurement

Using a FTA1000 B Class tens}

meter (First Ten A ms, Portsmouth, USA), the

tubular membrane Ltd, Leicester) providing a smooth surface for dispersed phase

droplet generation, and”a contacting flow cell system that collects the generated droplets and

promotes shell gelation. The dispersed phase tank is joined by a connecting tube running from

its bottom, via an in-house fabricated lip seal and overhead stirrer, to the membrane. The



membrane is attached to the bottom of the connecting tube using a connector. The bottom of
the membrane is covered by a conical shaped stainless-steel bottom cover to prevent the

outflow of the dispersed phase and reduce wobble by the rotating membrane during operation.

Both the stainless-steel connector and bottom covers have ODs of 14 The connecting tube

is held in place by the chuck of the overhead stirrer. Above the is the in-house
fabricated lip seal, made up of leak proof seals and ball seal decouples the
stationary tube/dispersed phase assembly above it fro i be/membrane

assembly beneath it.
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Fig. 1: (a) Continuous rotary membrane emulsification (cRME) rig; (b) stainless steel
membrane; (c) flow cell; (d) 3D design of the flow cell’s top cylinder and CP receptor; and (e)

3D design of flow cell’s base.

As illustrated in Fig. 1b, the membrane has an outer diame 5 mm and thickness of

to create a liquid tigh
2.6 Membrane cleaning and emulsification
Before each test, the membrane was cleaned by immersion in 4 M NaOH, deionized water, 10

wt % citric acid, and finally in deionized water again. For each immersion, a beaker, containing



the membrane and each solution, was placed in an ultrasonic bath for 1 minute, then left to soak
for 10 minutes before being transferred to the next solution for sonication. The cleaned
stainless-steel membrane was stored in a solution of the CP for use.

f the emulsification

For emulsification, tubes were connected to the inlet and outlet p

cell. The cell was initially filled with the CP using a syringe p Harvard"Apparatus PHD

absolute dev A from the edian) of the generated droplets were obtained using a

Mastersizer 3000 pa analyzer (Malvern) with a wet dispersion unit operating at 2000

rpm.

2.8 Design of Experiments (DoE)

10



A Design of Experiments (DoE) was implemented to evaluate the effect of introducing a
continuous cross flowing stream to a conventional RME system. Using MODDE Pro 11.0.2
software (MKS Umetrics AB, Sweden), a set of experiments was generated to investigate the

effects of 3 selected RME variables as factors on 2 responses functi actors investigated

were rotational speed (n), OCNF concentration (x,), and continu ase flowrate (Q¢p), while

response functions were droplet diameter and uniformity.

(1

(2)

11
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Fig. 2. 2D contour p i ylor number va of the rotary membrane emulsification
tinuous phase viscosities and angular

id-points in the DoE. The continuous phase formulations

o OCNF in 1 wt% keratin solution.

Ta values betwee and 800 define the laminar flow within the Taylor vortex regime

[19, 32], depicted by ¢he dotted green region. Flow regimes with Ta values below 41.3 are

characterized by vortex-free Couette flow which becomes unstable and transitions to form

laminar vortices as Ta increases [33]. Above the laminar regime, vortex flow transitions

12



towards turbulence which can lead to secondary breakage of droplets [32, 33]. The laminar
flow regime is ideal for monodisperse droplet generation because the induced laminar vortices
aid the movement of generated droplets from the droplet-laden surface of the membrane

towards the bulk of the continuous phase and, consequently, reduce t obability of droplet

collision, coalescence and non-uniformity [33]. As such, it prom mulsion Stabilization and

wt% OCNF 1 % keratin solution and 12.5 ml/min CP flowrate. Table S2 of the Supporting

information summa perimental range and levels of factors.
At the end of eachf€xperimental run, the emulsification cell and membrane were cleaned
before a new randomized run was carried out. A quadratic model was developed from

experimental result analysis to establish a relationship between factors and response functions.

13



Model fitness and Analysis of Variation (ANOV A) were used to evaluate the developed model.

Finally, experimental validation of the model was carried out at an interpolated point within

the recommended design space.

3. Results and discussion

3.1 Design of Experiments

The resulting design space, recommended b

placed on the faces of the design sp4

the central core of the design space.

14



Fig. 3. Optical micrographs of (a) smallest, (b) largest, ost uniform and (d) mogt non-

uniform droplets generated from rando perimental runs® xperiment N8: n = 2,000

rpm, 1 wt% OCNF, Qcp= 20 ml/min, Dro = 83.5 ym, @

tformity = 0.439;

(b) Experiment N5; ,05 wt% O = 20 ain  Proplet diameter = 231

pum, and Uni periment N18a n = 1,200 rpim, 0.75 wt% OCNF, Qcp =5

ml/min, Droplet diamé& 1, and Uniformity €.194; (d) Experiment N9: n = 400 rpm,

meter = 198 ym, and Uniformity = 0.512

esults were then analyzed and non-linear models developed for

each response of size and uniformity (Y,) to include interactive and square terms as a

function of the 3 factors:

Y, =B + T BXi + X BuX + Yi<jBij Xi X; 3)

15



where Y; is the response. B, is the offset term (intercept constant term) and S;, fB;;, B;j are the
linear, square, and interaction regression coefficients, respectively. The model was developed
and fitted using a Multiple Linear Regression (MLR) method (Section S3). The summary of fit

for both responses is shown in Fig. 4. The parameters, model fit (R?), iction precision (Q?),

model validity and reproducibility parameters, were used in de ining the fit quality using
criteria values of R? > 0.5, Q*> > 0.5, model validity

respectively. See section S3 for further details.

:g . \ 0.89 :
g ! § § % 7/} Model Validity
| § §%§§ Ezéég Reproducibility

Fig. 4. Summary of fithor transformed responses.

16



R? and Q? values for both responses are > 0.89, both above the 0.5 criterion value and within a
0.2-0.3 difference, indicating good model fit (R?) and (Q?) predictability. This was due to a
good balance of randomization and replicability of experimental runs. Furthermore, the model

validity value = 0.52, above the 0.25 criterion value for both nses, indicates the

non-significant fo

sqrt(F(crit)) than for SB-LoF which were respectively 0.04 and 0.02 for droplet diameter, and
0.09 and 0.05 for uniformity. Also, the model is deemed significant as evident in RSD*

sqrt(F(crit)) being smaller than SD-Regression which were respectively 0.02 and 0.21 for

17



droplet diameter, and 0.08 and 0.2 for uniformity. Hence, for all fit indicators, the summary fit
as evaluated indicates good values for model fit, predictability, validity and reproducibility.

3.1.1 Model Validation

The model was validated experimentally by generating emulsion d ts at an interpolated

point within the design space at 1,300 rpm, 0.6 wt% OCNF an I/min (Fig. S5).

For statistical validation, this selected interpolated point is rimental nor centre

in Fig. 5.

(b)

15 1 Droplet Diameter: 137
Uniformity: 0.22

0 —————— Lmn—!-rwm

0.01 0.1 1.0 10.0 iO0.0 1,000.0 10,000.0

Qg s
~ / Size Classes (um)

validation point (1, .6 wt% OCNF and a Qcp of 10 ml/min). Scale bar: 500 ym.

3.2 Decoupling continuous phase flow rate (Qcp) from droplet generation

18



Fig. 6 shows that the effect of Qcr on droplet diameter is insignificant as depicted by the
almost horizontal contour lines, across a wide range of rotational speeds (n) and OCNF
concentrations (x,,). This is further confirmed in Fig. S1b, where the negligible effect of

increasing Qcp can be observed from the four z+ve edges of the desi ace shown, and in

Table S4 with a p value > 0.05. This is a key result, as it demonst that the Continuous phase

x,, (Wt%)

5 10 15
Ocp (mL/min)

10

O cp(mL/min)

continuous phase flowrate (Qcp) and

iameter at rotational speeds (n) of 400 rpm, 1,200 rpm

In contrast, there 18 ificant and antagonistic effect of x,, and n on shear generation and,
as a consequence, on droplet diameter (Fig. 7). An increase in x,, results in a reduction in droplet

diameter. However, this effect reduces as n increases (left to right), shown by the reduction in

the number of contour lines across the images of Figure 6. This reducing influence on droplet

19



diameter is also depicted in Fig. 7b where, with n increasing from 400 to 2,000 rpm, the

reduction rate of droplet diameter (per increase in x,,) decreases by about 55%.

(a ) Droplet Diameter (um)

. 240

160

0. e
400 600 800 1000 1200 1400 1600 1800 20000

.~ XY

Droplet Diameter (um)

100 120 140 0 220

Fig. 7. Effect of OC roplet diameter. (a)

Surface plot (b) &

e continuous phase, an increase in OCNF

educing interfacial tension between the CP and DP

droplet diameter tha ? the magnitude X, has a lower p value than X, for both pure and

interactive terms. This"s also shown Fig. 7 where, within the design space, the slope for droplet

diameter reduction with increasing n is relatively higher than droplet diameter reduction with

x,. The behavior of these wall shear contributing factors (x,, and n) is similar to conventional

20



batchwise RME systems [17, 18, 32, 36, 37] where increasing shear reduces the droplet
diameter with a reducing rate until its influence approximates to a constant droplet diameter.
These results further confirm that not only CP flow has no effect on the shear, but also that

CP flow has no interactive effects on n and x,, for droplet diameter vari . Therefore, the CP

can be said to have been successfully decoupled from the RM ponent Of the developed

21



0.50 wt% OCNF 0.75 wt% OCNF 1.00 wt% OCNF

Uniformity
g
(=%
ko)
= 0.55
0.5
10 5 10 15
Qcp (mL/min) Ocp (mL/min)
0.45
(b) G 0.50 wt% OCNF (i) 0.75 wt% OCNF (iii) 1.99 W% OCNF
Uniformity Uniformity Uniformity
0.4
0.35
O o o Qe : e
(mL/min) (mL/min) (mL/min) 12
0.3
(c) (i) 400 rpm 2000 rpm '
Uniformity Uniformity 0’2 5
a5 ﬂzoos o g 2 /
}o.s o
“ 0.2

"5 Qcp

variation at differen al speeds (n) for (i) 400 rpm, (i1) 1,297 rpm, (iii) 2,000 rpm. The
minimum uniformity idex value from DoE model is obtained at the optimal rotational speed

(n) of 1297 rpm for different OCNF concentrations (x,,).
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Increased CP-induced turbulence with an increasing supply of stabilizers from the CP will
improve the diffusion of keratin/OCNF to the interface of droplets and, consequently, droplet
stabilization. Hence, the subsequent increment in monodispersity is attributed to the droplet

stabilization resulting from the combined effect of turbulence andWincreased supply of

system where

leted concentration

monodispersity. The of this effect on monodispersity is the reason for the existence of
the monodispersed regions of Fig. 8a and b which is located around and includes the optimal n

region. As a result, the most uniform point within the design space, which was predicted from

23



the model (as detailed in Section S5), is obtained for Qcr = 5 ml/min, n = 1,297 rpm and x,, =
0.5 wt % OCNF. This point is shown in Fig. S6.
Due to the vorticity and stabilizers’ supply balance, enhanced productivity can easily be

achieved by simply increasing the DP flux to increase the dropleg@eneration frequency,

maintaining n within the optimal region to vary droplet diameter t maintaln monodisperse

droplet generation, and varying the Qcpto obtain targeted e

3.3 Understanding vortex formation

24
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wt% OCNF; D
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200 |-
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droplets generated at Ocp = 5 ml/min, x,, = 0.5 wt%
(A, A ] F (¥, V) across the range of rotational speeds (n)

used. Filled s s with Taylor numbers (Ta) below 41.3 (i.e. vortex free) while
unfilled symbols ind ise: (a) Generated droplet diameter: Symbols represent droplet
diameters estimated fi@m developed DOE model (Ddpor); lines represent droplet diameters

estimated from theoretical force balance model (Ddk): Solid line shows Ddk obtained from 0.5

wt% OCNF, dashed line shows Ddk obtained from 0.75 wt% OCNF, and dotted line shows
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Ddk obtained from 1 wt% OCNF; (b) Ddp.e/Ddkx magnitudes for x, concentrations; (c)

Calculated Taylor numbers.

For x,, = 0.5 and 0.75, below Ta = 41.3 (represented by fille igure 9) where

laminar flow with Taylor vortex formation is absent, the increases to a peak

1s shear induced.

For x,, values of 0.5Wt% and 0.75 wt% in the membrane system geometry used, Fig. 9 shows
that transition to Ta = 41.3 occurs at ~553 rpm and ~743 rpm, respectively, but occurs for n =

1,734 rpm (higher than 1,297 rpm) when x,, = 1 wt%. Before laminar vortices form, Couette

26



flow, which does not promote droplet migration to the bulk of the CP, governs. This implies
that for the majority of n values within the design space, laminar vortex formation is absent for

xw =1 wt%. Though droplet detachment still occurs due to shear, the combined effect of the

here, doubling the OI length of the membrane would lead to increasing the emulsion

concentration by a factor of ~2. Reducing the pore pitch by 50% would lead to an increase by
a factor of ~4. A combination of these would result in an emulsion concentration increase by a

factor of ~ 16. The design of the 3D printed flow cell can be adjusted to accommodate different

27



membrane dimensions, with corresponding residence times and Taylor number values which

will maintain droplet monodispersity.

The cRME configuration presented here does not suffer from depletion of surfactants or

stabilisers which hinders conventional batch RME systems due to th e of a CP flow (as

discussed in Section 3.2). As such, the cRME can be run for ex es with a significantly

esigned’and fabricated including an easy to clean stainless steel
membrane ass¢ i adefined pore diameters and pitch, and a 3D fabricated flow cell.
Using sustainable ma detailed study on the effect of introducing a continuously flowing

CP to an RME is preSented in this work. By varying its flowrate, viscosity and membrane

rotational speeds, the extents of the CP influence on generated droplet diameters and

28



uniformities were detailed using a DoE. Within the design space, emulsion droplets in the 78-

241 ym range were generated, with uniformities having a variation index as low as 0.14.

Owing to the tailored geometry and design of the developed cRME system, the flowrate of

the continuous phase of keratin/OCNF solution was found to have igible effect on the

generated sunflower oil droplet diameters but a greater effect g iformity. This negligible
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