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The impact of polymer emulsifier diffusion rates and droplet formation kinetics are critical for effective
control of emulsion droplet size and stability during the membrane emulsification process. It is expected
that the molecular weight of a polymer stabiliser will play a significant role in the resultant emulsion due
to the low energy nature of the emulsion formation mechanism and dependence on emulsifier diffusion
inherent in a membrane emulsification system. Dodecane in water emulsions were formed via membrane
emulsification at various concentrations and molecular weights of a polyvinyl alcohol polymer. Emulsion
attributes were quantified via laser diffraction and optical microscopy over time. These data were then
related to the diffusion time of polymers of different molecular weight at various concentrations via
pendent droplet tensiometry. It was found that molecular weight of a polymeric stabiliser and subsequent
diffusion to the interface have a significant impact on droplet size, dispersity and stability. Larger poly-
meric stabilisers were slower to diffuse to the interface, resulting in highly stable larger droplets, while
smaller polymers quickly adsorbed to the interface but offered limited steric stabilisation and thus resulted
in significant droplet coalescence. Combination of both high and low molecular weight polymers as
stabilisers was observed to result in emulsions of low dispersity and controllable sizes for extremely low

rsc.li/polymers concentration of polymer.

1. Introduction

Membrane emulsification allows scientists and engineers to
control the formation of emulsion droplets more efficiently
than with standard stochastic methods of emulsification. The
slow build-up of the droplet population in the system ensures
that all droplets produced with this method experience signifi-
cantly more homogeneous shear forces as compared to highly
chaotic high shear mixing or high-pressure homogenisation."?
Furthermore, membrane emulsification processes allow for-
mulators to better tune the design of the emulsions them-
selves, particularly the choice of emulsifier properties, by
taking into account the need for rapidly populating the droplet
surface. This plays a significant role in droplet detachment
from the membrane (via controlling interfacial tension
(IFT)),> and to ensure efficient droplet stabilisation in the
continuous phase once released from the membrane
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surface.®® The latter requirement is a key aspect of retaining
the narrow size distribution of droplets, particularly as most
membrane emulsification devices are used to produce batch
emulsions, subsequently processed into a final formulation,
which takes the form of a more complex emulsion, particle or
microcapsule product.”*°

In a standard emulsification process, the choice of stabil-
iser type and concentration is generally based on the ability of
the emulsifiers to reduce the interfacial tension and to provide
an energy barrier against droplet aggregation and coalescence.
Often, the diffusion and adsorption of the emulsifier to the
interface in the emulsification process can be disregarded as
the chaotic (and typically long - >1 min) emulsification
process results in many contacts between the newly formed
droplet interface and the emulsifiers in the system. However,
in a membrane emulsification process, the diffusion rate and
adsorption rate of the emulsifier to the surface of the growing
droplets on the membrane and once detached, becomes
important to control the process effectively in an environment
that is comparatively less sheared.*''?

In membrane emulsification processes, the production of
droplets at a pore has two stages; (i) droplet growth and
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(if) droplet detachment. The droplet size achieved at the time
of detachment from the membrane is dependent on a balance
of the forces acting on the droplet to move from the first stage
to the second.>™® As a droplet grows, new interface is formed
onto which surface-active emulsifiers (typically surfactants or
polymers) can adsorb from the bulk to lower the IFT. Once the
droplet detaches, the process of emulsifier adsorption from
the bulk onto the emulsion droplet surface continues until an
equilibrium is reached. Throughout this process, the kinetics
of adsorption is affected by the molecular characteristics of
the emulsifier such as molecular weight (M,), concentration
and the location of the solvophilic and solvophobic moieties.®
In particular for polymeric emulsifiers, the molecular weight
will dictate the diffusion time taken for the polymer to travel
from the bulk to the interface.'® The interplay between the
droplet expansion rate and the emulsifier adsorption rate will
yield a dynamic IFT.>>* It has been reported using microflui-
dic techniques that, using fast adsorbing emulsifiers (e.g. sur-
factants and low molecular weight polymers), a dynamic IFT
close to the equilibrium value can be achieved within the
droplet formation time, although this is only achieved at high
emulsifier concentrations.’®® In this case, the rapid
reduction in IFT facilitates the production of smaller droplets.

When using interfacially-active polymers (often a standard
choice for formulators because of their non-toxicity and ability
to affect rheological properties) preventing/limiting coalescence
once the droplets detach from the membrane relies on provid-
ing an efficient steric barrier at the interface."® Achieving this
stabilisation generally requires the use of medium to high mole-
cular weight polymers. However, high molecular weight poly-
mers will adsorb relatively slowly to the droplet interface with
an adsorption time likely to be comparable to the droplet for-
mation time in a membrane emulsification process, or possibly
even slower. The droplet interface will typically have an incom-
plete emulsifier coverage at the time of droplet detachment
from the membrane and the corresponding dynamic IFT will be
high (in some cases similar to that of a bare oil-water interface)
resulting in the formation of larger drops prior to
detachment.**® Upon detachment, these droplets will likely
undergo some degree of coalescence in the bulk.""*"** To com-
pensate for the slow diffusion times of the large molecular
weight polymer, the polymer is generally used in high concen-
trations but, in some cases, this can also lead to depletion—floc-
culation processes that also diminish emulsion stability.**>*

In this study we investigate the possibility of preparing
emulsions of narrow size distribution via a stirred cell mem-
brane emulsification device using poly(vinyl alcohol) of
various molecular weights as an emulsifier. Specifically, we
demonstrate that using mixtures of low M, and high M,, PVA
allows for production of well-controlled emulsion droplet sizes
by taking advantage of the faster adsorption of the low M,
polymer and the enhanced steric stabilisation provided by the
high M,, polymer. In doing so, we open up avenues for produ-
cing well-controlled emulsions in this membrane emulsifica-
tion device at very low overall concentrations of polymer stabil-
isers (0.1 wt%).

5050 | Polym. Chem., 2023, 14, 5049-5059

View Article Online

Polymer Chemistry

2. Materials and methodology

2.1. Materials

In this study, poly(vinyl alcohol) (PVA, Sigma-Aldrich) was used
to stabilise oil-in-water emulsions. The PVA molecular weights
and degree of hydrolysis (% of hydrophilic alcohol moieties
responsible for the steric interactions, versus the hydrophobic
acetate moieties, which drive adsorption at the interface)*® as
specified by the supplier are summarised in Table 1. The fol-
lowing reagents were used as received; n-dodecane (purity
>99%, Sigma-Aldrich), sodium hydroxide (NaOH, purity
>97%, Sigma-Aldrich), citric acid (purity >99.5%, Sigma-
Aldrich), isopropanol (purity >99%, Acros Organics). All water
used was Milli-Q (Merck Millipore, 18.2 MQ cm at 25 °C),
unless otherwise stated.

2.2. Preparation of PVA solutions

The stock 2 wt% PVA aqueous solutions were prepared by dis-
solving the PVA powders in water by stirring (350 rpm) at 95 °C
for at least 2 hours under reflux. The solution was then
allowed to cool to room temperature and was left to stir for a
further 24 hours. This stock solution was diluted with water to
obtain the different polymer solution concentrations required
which were used as the continuous phase for emulsification.

2.3. Production of emulsions using stirred cell membrane
emulsification

Emulsification studies were conducted using a stirred cell
equipped with hydrophilic nickel disc membrane (Micropore
Technologies Ltd, Redcar, U.K.). A 24 V DC motor was used to
drive a paddle stirrer above the membrane surface to create
the necessary shear for droplet detachment. The nickel disc
membrane used had a pore diameter of 20 pm with a pitch of
200 pm. The total volume of continuous phase used in each
experiment was 90 mL. The continuous phase (containing the
PVA emulsifier) was allowed to wet the membrane for 20 min
prior to injecting the oil phase through the membrane. The oil
injection rate (0.1 mL min™") was selected based on the emul-
sion size distribution obtained using 2 wt% LMw-PVA-88 in
preliminary experiments (Fig. S11). The injection rate was con-
trolled using a syringe pump (Harvard Apparatus) and a total
of 10 mL of n-dodecane was injected. All the emulsification
experiments were undertaken at room temperature (i.e. 18
2 ©°C). After each experiment, the membrane was cleaned by
immersion in 0.1 M NaOH and sonication for 15 min, followed

Table 1 Summary of PVA molecular weights and degree of hydrolysis
(as outlined in the product specification sheet from supplier) used in the
study

PVA sample Molecular weight (kDa) Hydrolysis extent (%)
LMw-PVA-88 13-23 87-89

LMw-PVA-98 13-23 98

HMw-PVA-88 85-124 87-89

HMw-PVA-99 85-124 99

This journal is © The Royal Society of Chemistry 2023
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by immersion in 0.1 M citric acid. The membrane was further
cleaned using a detergent solution (Decon 90), thoroughly
rinsed in isopropanol and water before being finally dried in
an oven before use.

2.4. Production of emulsions via high shear homogenisation

n-Dodecane in water emulsions with a disperse phase volume
fraction of 10 vol% were prepared using an IKA T25 Ultra-
Turrax homogeniser operating at 12 000 rpm for 2 min. For
these emulsions LMw-PVA-88 and HMw-PVA-88 were used as
the stabilisers at 2 different concentrations for comparison
with the membrane emulsification systems. The total volume
of emulsion produced was 20 mL.

2.5. Characterisation

2.5.1. Droplet size and droplet size distribution. The emul-
sion droplets were imaged using an Olympus BX51TF micro-
scope. Micrographs were analysed using the image processing
software Image] and droplet size and size distributions (based
on 150 to 250 droplets) and associated coefficient of variation
(CV) were extracted from the data.>®

The coefficient of variation (CV, eqn (1)) was calculated
from the standard deviation (o) and average droplet diameter

(day):
CV(%) = (6/day) X 100%. (1)

The emulsion droplet size distributions were also measured
via laser diffraction using a Malvern Mastersizer 2000 (Malvern
Instruments Ltd, U.K.) equipped with a Hydro 2000SM sample
dispersion unit. A HeNe laser operating at 633 nm, and a
solid-state blue laser operating at 466 nm were used to size
each emulsion. The stirring rate was adjusted to 1000 rpm to
avoid creaming of the emulsion during analysis, which
matched the stirring speed used in the stirred cell membrane
emulsification experiments. Aqueous PVA solutions were used
as the continuous phase (flowing through the cell) matching
the molecular weight, degree of hydrolysis and concentration
used to prepare the emulsion being analysed. After each
measurement, the cell was rinsed once with isopropanol, fol-
lowed by three rinses with water. The glass walls of the cell
were carefully wiped with a lint-free lens cleaning tissue to
avoid contamination across samples. The width of the droplet
size distribution was expressed as a span value where,

Span = (dyeo — dy10)/dys0- (2)

2.5.2. Pendent drop tensiometry. The dynamic IFT was
measured using a series of PVA solutions of increasing concen-
trations. The measurements were carried out using Theta T200
(BiolinScientific, Sweden). The measurements were verified by
measuring the pure air-water surface tension until a value of
72.8 + 0.4 mN m~ " was obtained. Measurements were carried
out on single droplets (with a Worthington number”” of
0.8-0.95) of the PVA aqueous phase formed at the end of a steel
needle of internal diameter (I.D. = 0.819 mm) placed in the
n-dodecane oil phase contained within a cuvette. Images of the

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

droplets were recorded using a CCD camera over a period of
time at 20 °C. Each measurement was started as soon as the
droplets were expressed from the syringe (¢, = 0 s). The profile
of the droplet in each image was detected automatically using
the native analysis software package and fitted to the Young-
Laplace equation to obtain IFT values as a function of time. The
pure IFT of an n-dodecane-water interface was measured and
verified based on values reported in the literature.**™°

3. Results and discussion
3.1 Effect of PVA molecular weight and concentration

Emulsifiers play a crucial role in membrane emulsification
processes, by adsorbing at the liquid-liquid interface to influ-
ence both the rates of droplet detachment from the membrane
and the droplet coalescence rate in the bulk after
detachment.*'** Both these phenomena influence the final
droplet size and size distribution obtained. In the case of
polymer emulsifiers, their rate of interfacial adsorption from
the bulk (significantly slower than that of short chain surfac-
tants) plays a particularly important role in controlling these
phenomena. To probe the impact of the PVA polymeric stabil-
iser properties on the characteristics of emulsions prepared
with the stirred-cell membrane emulsification process in this
work, the effects of polymer molecular weight and concen-
tration were first investigated. The impact of hydrolysis degree
was also investigated, but it was found that the emulsions
made with PVA polymers with a 98-99% hydrolysis degree were
highly unstable and therefore were not subjected to further
study (see Fig. S2 in the ESIT).

Initial screening experiments were performed to probe the
impact of PVA molecular weight and polymer concentration on
the resulting droplet size distribution of n-dodecane in water
emulsions first using a standard high-shear emulsification
method. Here, we used an ultra-turrax homogeniser, which
imparts high energy into the system to form the droplets and
thus limits the influence of polymer diffusion/adsorption time
on the droplet formation process. The PVA polymers used for
this study were LMw-PVA-88 and HMw-PVA-88 at two different
concentrations (0.1 and 2 wt%). The emulsions were prepared
with a dispersed phase volume of 10%. The size distribution
of the prepared emulsion was regularly measured over a period
of 60 min. Here, the emulsion was allowed to evolve and a peri-
odic sample was characterised to follow the droplet size and
the potentially associated droplet coalescence (Fig. 1).

For LMw-PVA-88 stabilised emulsions at a polymer concen-
tration of 0.1 wt%, a mean droplet diameter of ~20 pm is
measured at ¢ = 0 As the emulsion evolved, an increase in the
mean droplet size could be observed along with a broadening
of the size distribution. At ¢ = 20 min, a bi-modal droplet size
distribution was seen with the primary peak occurring around
~20 pm and a broad second peak centred at 170 pm. This is
indicative of droplet coalescence. Between 20 and 60 min, the
height of the primary peak slowly diminished whilst the sec-
ondary peak increased with a shift towards a larger size (max

Polym. Chem., 2023, 14, 5049-5059 | 5051
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Fig. 1 Evolution of the droplet size and size distribution of n-dodecane in water emulsions produced using an Ultra-Turrax homogeniser operated
at 12000 rpm for 2 minutes over time, measured by laser diffraction These emulsions were designed with a dispersed phase volume of 10% and
stabilised by 88% hydrolysed PVA at 2 different molecular weights (LMw-PVA-88 and HMw-PVA-88) and at two different polymer concentrations (0.1

and 2 wt%).

peak value at ~300 um). Relatively rapid emulsion coalescence
was also observed when using a polymer concentration of
2 wt%, however, after 40 min in this case, the position of the
secondary peak remained stationary (max peak value at
~190 pm). In comparison, emulsions stabilised with HMw-
PVA-88 (at both 0.1 and 2 wt% polymer concentrations)
resulted in monomodal droplet size distributions over the
60 min of measurement time. For both the concentrations
tested, the mean droplet size also slowly increased over time,
indicative of some limited droplet coalescence in these
systems. Increasing the polymer concentration appeared to
limit this coalescence rate further.

As previously outlined, the membrane emulsification
process allows for less shear and a more homogenous shear
profile compared to the chaotic process experienced in the
ultra-turrax homogeniser. In this emulsification method,
better control of the final emulsion characteristics should be
possible when using polymer stabilisers, while taking into

5052 | Polym. Chem., 2023, 14, 5049-5059

account the polymer diffusion time and adsorption properties.
Here, we used both LMw-PVA-88 and HMw-PVA-88 polymers at
different concentrations to verify the role of the PVA character-
istics in controlling the droplet size and associated size distri-
bution obtained with the stirred-cell membrane emulsification
method. The corresponding emulsion droplet size distri-
butions of emulsions prepared with both of these polymers for
different concentrations are presented in Fig. 2. This study was
conducted to obtain emulsions with a dispersed phase volume
fraction of 10% at a fixed stirrer paddle speed of 1000 rpm and
an oil injection rate of 0.1 mL min~". The paddle speed and oil
injection rate were initially selected based on values reported
in literature elsewhere.>***>* We then verified successful pro-
duction of n-dodecane in water emulsions with these para-
meters using the selected emulsifiers for this work.

Fig. 2 demonstrates that, as expected, when the PVA concen-
tration is decreased from 2 to 0.1 wt% using LMw-PVA-88, the
resulting droplet size distribution shifts to higher sizes (with

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3py00948c

Open Access Article. Published on 07 November 2023. Downloaded on 22/02/2026 13:31:44.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Polymer Chemistry Paper
2 wt% 0.5 wt% 0.1 wt%
247
"1 =] cv=30% | 2 "1 = CV=32% s, -~
1€ 50! { 1 €18 [ °
g 12 §2o‘ . 12 512‘ \ 8
; \610- 10“ . * 10-0 p \ X 8 | - ‘l
< :, ol LINNNINNIN, i - 0@ :» B ] r ‘;, 1 ok-L [HE NN N, / \
> g 84 o SR D g 84 00 200 35300 L £ 0 100 200 300 400
o, _g . P! (! - ! % " Droplet size (um) % 6 Droplet size (um) .
- / - 1 -
E 44 !/ . 4 . \ ! ‘
- 2 ! 24 r \ 21 - .
. -
0 — 0 - . 0 =
1 10 100 1000 1 10 100 1000 1 10 100 1000
Droplet size (um) - Droplet size (um) Droplet size (um)
16 ) r |
0 1l ® cv=23% = 14] 2| cv=27%| ™ 121 [cv=29% -
o0 I o 121" s 8 104 €40 o . L
' 1243 g 10] ! § J
§ 2.1 2 | . ®10{° 4 ® 84 s [ p
w [ I ] Q
oL —lillbn = 1 b ) L | & 1 olm=ti HNNRRENNTE!
Q S8 | m el | E 8 o fum ] *® Ee] % mm a0 & |
; g .l roplet size (jm) l - >° 6 Droplet size (um) ! >° Droplet size (um) J
44
E 44 o . 44 o / -
o L] 1 2 r -
24 | . 24 - ] . "
0 fosos 0 Py i 0 -~
1 10 100 1000 1 10 100 1000 1 10 100 1000
Droplet size (um) Droplet size (um) Droplet size (um)

Fig. 2 Droplet size distributions for n-dodecane in water emulsions prepared in the stirred-cell membrane emulsification device using PVA stabil-
isers LMw-PVA-88 and HMw-PVA-88. The emulsions with a dispersed phase volume fraction of 10% were created using a paddle stirrer speed of
1000 rpm and an oil injection rate of 0.1 mL min~! at room temperature. The blue plots are distributions obtained using laser diffraction, whilst the
red plots are histograms and distributions from image analysis of optical micrographs for which the corresponding coefficient of variation values are

also displayed.

an average diameter increasing from 120 pm to 182 pm) and
becomes broader (CV increases from 30% to 36%). These data
are concordant with the histograms (and fitted distributions)
obtained via image analysis of droplets from optical micro-
graphs (shown as insets in Fig. 2 top row). The increase in
droplet size with decreasing stabiliser concentration can be
partially explained by probing the dynamic IFT (Fig. 3). The
IFT force is responsible for holding a growing droplet at the
membrane surface by resisting the influence of the drag force
(as inertial and buoyancy forces are deemed to be negligible
for micron sized droplets).>>” By decreasing the IFT, the dro-
plets detach sooner from the membrane pore, which results in
smaller droplets being produced. In addition, lower concen-
tration of stabilisers can also decrease droplet stability after
detachment from the membrane due to reduced droplet
surface coverage. Although the rate of change of the IFT in the
measurements shown in Fig. 3 is significantly slower than the
droplet growth rate on the membranes, differences noted
between the various concentrations can illustrate the differ-
ences in polymer adsorption rates on the growing droplets on
the membrane surface for the same concentrations. Fig. 3
illustrates that, for the LMw polymer at 2 wt%, the IFT equili-
brium value (~15 mN m™") is achieved in around 130 s, which
increases to 225 s at a concentration of 0.1 wt%. As expected,
these data demonstrate that, as the polymer concentration is
decreased, the time taken for the PVA molecules to (i) diffuse

This journal is © The Royal Society of Chemistry 2023

from the bulk to the interface (ii) successfully adsorb and (iii)

unfold and conform to allow maximum surface coverage, will

increase.*®%°
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Fig. 3 Dynamic interfacial tension of a n-dodecane—water interface in the
presence of LMw-PVA-88 and HMw-PVA-88 polymer at different polymer
concentrations. For reference the interfacial tension of a bare n-dodecane—
water interface is also presented. All measurements were conducted at 20 °C.
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In order to confirm the anticipated behaviour of the four
polymer stabilisers used in this work, we used existing under-
standing of this membrane emulsification device,*® including
the radial profile of shear stress caused by the paddle, to calcu-
late the droplet lifetime on the membrane for all four polymer
conditions. A force balance between the capillary and drag
forces acting on a droplet at the membrane pore is used to
perform these calculations,

¢mﬁ@+z¢mﬁ¢+m#wwz

dg = 3 (3)

where dy is the droplet size, 7 is the shear stress, yo is the oil-
water interfacial tension and r, is the membrane pore
radius.””

The predicted droplet size based on a paddle rotation speed
of 1000 rpm (r = 10.6 Pa) at an oil injection rate of 0.1 mL
min~" was subsequently used to calculate the droplet lifetime
on the membrane for each PVA polymer studied in this work
and for two different IFT values, both for a bare interface and
at equilibrium adsorption (Table 2). These calculated charac-
teristic droplet lifetimes can then be contrasted with the
polymer chain diffusion time (across the length scale approxi-
mated as the inter-polymer chain distance).

For the low molecular weight system (LMw-PVA-88), the
polymer diffusion time is fast and, provided that rapid/efficient
adsorption occurs upon polymer chains reaching the vicinity of
the droplet surface, a potentially rapid reduction in the IFT can
drive faster droplet detachment, resulting in initially smaller dro-
plets. However, as demonstrated in Fig. 1, these droplets rapidly
coalesce due to poor steric stabilisation. This is supported by the
tensiometry data (Fig. 3), which highlights that, although there
is a rapid decrease in the IFT using the low M, polymer, the
timescales required to achieve equilibrium is in the order of
~10> s. Additionally, when using HMw-PVA-88 the polymer
diffusion time is still fast compared to the calculated droplet life-
time but does provide a smaller time window for efficient

View Article Online
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polymer attachment on the growing droplet as compared to the
lower MW PVA polymer. If we instead assume that the interface
is bare upon detachment (i.e. an IFT of 53 mN m™'), owing to
the long timescales of interfacial tension decay recorded in the
tensiometry measurements (Fig. 3), then the droplet will grow to
a predicted size of ~220 um taking approximately 8.5 s to form
before detachment occurs. In the case of the higher MW, even
small amounts of adsorbed polymer will lead to more effective
steric stabilisation (ie. larger droplets that are likely more
stable). In reality the droplets will experience a dynamic IFT with
a value somewhere between that of a bare interface and that at
equilibrium. This will impact both the droplet size upon detach-
ment and its lifetime on the membrane pore (Fig. 4).

In practice, the droplets emerging from the membrane will
not experience the equilibrium IFT of the oil-water interface
measured in Fig. 3 (in the presence of polymer stabiliser), as
the droplet growth rate is likely greater than the rate of
polymer adsorption under these conditions (even though
polymer diffusion is faster than the droplet lifetime on the
membrane).**** Thus, when producing PVA-stabilised droplets
from the membrane emulsification device, droplets detaching
from the membrane will likely only possess an incomplete
polymer coverage on their surface. It is clear that further
adsorption of polymer from the bulk onto the droplets will be
required to form an efficient steric layer on the droplet surface.
At the same time, droplet coalescence will also occur, which
can increase the size distribution of the final droplets pro-
duced by the technique.

When HMw-PVA-88 was used, the average droplet size and
associated CV values also increased with decreasing polymer
concentration. In addition, the average droplet sizes obtained
are larger than those obtained with the low molecular weight
system (LMw-PVA-88). This should be considered while
remaining cognisant of the tensiometry data presented in
Fig. 3, for which the reduction in IFT from 53 to 26 mN m™" in
~25 s (when using 0.5 wt% of HMw-PVA-88), is small and slow
in comparison to when using the same concentration of

Table 2 Calculated characteristics of PVA (0.1 wt%) samples and PVA stabilised emulsions including the lifetime of a predicted droplet size at the

membrane pore before detachment

(6) Lifetime of (7) Predicted (8) Lifetime of

(4) Time taken droplet on droplet diameter  droplet on
(3) Calculated  for polymer to (5) Predicted membrane pore for a bare oil- membrane pore
(2) Radius  inter-polymer diffuse distance  droplet diameter = based on droplet water IFT value based on
(1) PVA of gyration  chain distance  in column® at equilibrium size in column (~53mNm™) droplet size in
Sample® (nm) (nm) 3 (ms) IFT value (um) 5 (s) (nm) column 7 (s)
LMw-PVA-88  4.8-6.5 69-92 0.056-0.13 120 1.4 220 8.5
HMw-PVA-88  13-15 177-214 0.91-1.6 124 1.5 221 8.5

Data are calculated using eqn (3) for an oil injection rate of 0.1 mL min~*. The radius of gyration for the polymer chains is based on Flory’s
approximation.”® The predicted droplet size (at a paddle stirrer speed of 1000 rpm) in the stirred cell membrane unit is based on the relationship
developed by Kosvintsev et al.>® The lifetime of the droplet was calculated based on the time taken to produce a droplet volume with a particular
size (columns 5 and 7) at an injection rate of 0.1 mL min~" across ~126 000 pores (based on 20 pm pore size, 200 pm pitch, porosity 0.9%) with
2% of pores being active at any point in time (see ESIt for detailed calculations).*"**>* Discussion of the values calculated in the case of the
highly hydrolysed polymer can be found in the ESI (Table S1t). ? Diffusion coefficient was calculated from the Stokes-Einstein relationship, using
the radius of gyration (2).
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brium interfacial tension) in presence of PVA and the predicted droplet
size formed at the membrane pore using egn (3) and also the corres-
ponding droplet lifetime before detachment from the membrane.

LMw-PVA-88 (from 53 to 18 mN m™" over the same period).
Furthermore, achieving an equilibrium value with these larger
molecules takes around 10 times longer. However, the emul-
sions obtained at 0.5 wt% HMw-PVA-88 do exhibit CV values
that are much lower compared to those obtained with the
LMw-PVA-88 system, thus confirming that coalescence of dro-
plets in the bulk significantly influences the resulting emul-
sion properties, and perhaps more than their rate of detach-
ment from the membrane surface. The bulk coalescence is
heavily influenced by operational conditions (flow rate, stirring
rate) which will play a larger role in the final characteristics of
the emulsion formed than the interfacial tension evolution
during droplet detachment as outlined in eqn (3). Indeed, as
demonstrated by Table 2 and Fig. 4, IFT primarily serves to
determine the lifetime of the droplet at the membrane surface.
Thus, the use of high M,, polymers for more efficient droplet
stabilisation in the bulk at the expense of fast polymer adsorp-
tion (and consequent decrease in IFT) on the growing droplet
on the membrane surface may be advantageous. Similar
results were obtained for smaller droplets produced through
high shear homogenisation in a study by Lankveld and
Lyklema using n-paraffin as the oil and 88% hydrolysed PVA as
the polymeric stabiliser.*”> These authors found that the mass
of polymer chains adsorbed at the interface increased with
molecular weight. It was reasoned that this was because a
thicker layer was present at the interface for the polymers of
higher molecular weight (improved steric stabilisation ability),
as a result of the polymer loops being longer. It was also
implied that the distribution of the polymer chain between the
interface and the bulk aqueous phase shifts to favour the inter-
face at higher molecular weights. This results in significant
lateral constriction of the chains at the interface aiding droplet
stability and may also explain the decrease in the CV value
observed in our case for HMw-PVA-88 in Fig. 2.
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It is common practise in the development of emulsion for-
mulations to load the continuous phase with a polymeric
stabiliser concentration that is far in excess of what is required
to stabilise the created total interfacial area. As a result, the
partitioning of polymer chains can be such that the remaining
amount of polymer in the bulk continuous phase is substan-
tially larger than what adsorbs at the droplet surface. This
highlights a number of potential limitations in the preparation
of such emulsions: (i) material waste, (ii) increased cost, (iii)
environmental pollution and potentially (iv) enhanced emul-
sion instability driven by depletion forces.*® Thus, in this
article, we explore the possibility of producing better con-
trolled polymer-stabilised emulsions via membrane emulsifi-
cation by balancing the need for controlled detachment of dro-
plets from membranes and efficient stabilisation in the con-
tinuous phase, which should also help reduce the polymer
concentration  utilised  for  emulsion  stabilisation.
Consequently, we first investigate the influence of PVA polymer
stabiliser molecular weight at low polymer concentrations
(0.1 wt%) over increased timescales before using both LMw-
PVA-88 and HMw-PVA-88 in combination to drive improve-
ments in droplet size, stability and dispersity.

In the membrane emulsification experiments the total time
taken to form an emulsion with a disperse volume fraction of
~10 vol% using a 0.1 mL min~" oil injection rate is 100 min
after which droplet characterisation is performed. This means
that there is an opportunity for the droplets to evolve with pro-
duction time as the volume fraction increases and therefore
the final measured droplet size may not be indicative of the
droplet size that detaches from the membrane pore. To investi-
gate this, emulsions stabilised with 0.1 wt% LMw-PVA-88 and
HMw-PVA-88 were prepared again with the high shear homo-
geniser (see Fig. S3 in the ESIT). The emulsions were then left
to stand for 60 min and then measured to track the droplet
evolution for another 60 min (total of 120 minutes) to compare
to the membrane emulsification process more reliably. In this
case, when using LMw-PVA-88 over the time period studied,
the emulsion droplets undergo a significant level of coalesc-
ence, whilst droplets prepared in the presence of HMw-PVA-88
are found to be stable over that time period.

3.2. Mixing low and high molecular weight polymers

As demonstrated in Fig. 3, the lower molecular weight polymer
can reduce the IFT faster than the higher molecular weight
PVA and will enable detachment of smaller droplets from the
membrane but is unable to prevent droplet coalescence over
the timescales of the emulsification procedure due to the low
steric layer thickness formed on the droplet surface (Fig. 1 and
S371). In contrast, the higher molecular weight polymer pro-
vides a thick steric layer, which ensures longer term droplet
stability. On this basis, we attempted to optimise emulsion
size and stability by exploiting the benefits provided by each of
the two different molecular weights. This was achieved by pro-
ducing emulsions stabilised by varied ratios (by volume) of
LMw-PVA-88 and HMw-PVA-88 (Fig. 5).
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Fig. 5 Changes in the average droplet size and size distribution of
emulsions stabilised by different volume ratios of LMw-PVA-88 to HMw-
PVA-88 as obtained using (a) image analysis and (b) laser diffraction.
Both PVA polymers used had a hydrolysis degree of 88% and were pre-
pared at an overall polymer concentration of 0.1 wt% for all ratios. The
stirred paddle rotational speed and the dispersed phase injection rate
were kept constant at 1000 rpm and 0.1 mL min~?, respectively.

Although there are a number of studies in the literature
using co-emulsifiers/stabilisers such as (i) particle-
surfactant,”*° (ii) polymer-surfactant,’®>> and (iii) mixed
polymer systems etc.,> to the best of our knowledge, this is the
first time a study investigates the blending of two molecular
weights of the same polymer and its effect on droplet size and
emulsion stability for systems produced in a membrane emul-
sification device. Here, it was hypothesised that a mixed
volume ratio of the two (at a typically low polymer concen-
tration of 0.1 wt%) would potentially allow for significant
improvement of the droplet size distribution obtained using
the stirred cell membrane. Fig. 5 shows the average droplet
diameter and the corresponding CV values as a function of the
ratio between LMw-PVA-88 and HMw-PVA-88 for these experi-
ments. The smallest average droplet size and largest CV value
is observed when the continuous phase contains 100% LMw-
PVA-88. This is expected due to the relatively fast detachment
of the droplet from the membrane and subsequent rapid
coalescence as outlined above (Fig. 1). As the volume ratio of
LMw-PVA-88 to HMw-PVA-88 in the continuous phase is
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decreased, the average droplet size increases in a linear
fashion. Interestingly, as the LMw-PVA-88: HMw-PVA-88
volume ratio is changed from 10: 0 to 7 : 3 there is a significant
decrease in the CV value from 36% to 11%, reflecting a narrow-
ing of the droplet size distribution. This change in droplet size
distribution could also be observed via optical microscopy,
which Fig. 6 illustrates for a small number of emulsion dro-
plets. It is suggested that this narrow size distribution is due
to the competitive adsorption of the two molecular weights at
the oil-water interface. Initially the adsorption is dominated
by the smaller chains of LMw-PVA-88 which are able to diffuse
quickly to the growing interface (diffusion rates presented in
Table 2), which reduces the IFT leading to rapid droplet
detachment from the membrane pore and smaller droplet
size. This is then followed by the adsorption of the larger
HMw-PVA-88 chains, which adsorb at the interface more
strongly than the LMw-PVA-88 chains, that can result in a thick
steric layer forming around the droplets limiting the droplet
coalescence rate and thus helping decrease the CV value of the
final emulsion. At a LMw-PVA-88 : HMw-PVA-88 ratio of 7:3
this competitive adsorption is optimised resulting in the pro-
duction of stable droplets of very narrow size distribution.

At an equal ratio of both polymers (1:1), the CV value was
observed to increase up to 14% and continued to increase as the
ratio of HMw-PVA-88 increased, reaching 29% at 100% HMw-
PVA-88. As the ratio of HMw-PVA-88 increased, the number of
fast-adsorbing LMw-PVA-88 chains in the system decreased,
which is likely driving poorly covered emulsion droplets detach-
ing from the membrane. In addition to the slow diffusion time
of the HMw-PVA-88 chains, these conditions resulted in

Fig. 6 Optical micrographs of n-dodecane droplets stabilised with
0.1 wt% aqueous solutions of mixed LMw-PVA-88 to HWw-PVA-88 at
the following volume ratios; (a) 9:1, (b) 7:3, (c) 1:1, (d) 3:7 and (e) 1: 9.
The images show changes in the droplet size and more importantly the
droplet uniformity at the different polymer blend ratios. The stirred
paddle rotational speed and the dispersed phase injection rate was kept
constant at 1000 rpm and 0.1 mL min~* respectively.

This journal is © The Royal Society of Chemistry 2023
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enhanced coalescence in the bulk until a sufficient droplet
surface coverage was obtained. This hypothesis can be interro-
gated by studying the timescales needed to obtain an equilibrium
IFT value from additional tensiometry measurements (Fig. 7).

As illustrated in Fig. 7 (also earlier in Fig. 3), when the con-
tinuous phase contains >50% of 0.1 wt% LMw-PVA-88 the
initial decrease in IFT is rapid. As the ratio of HMw-PVA-88
increases beyond 2000 s, the time taken to reach the final IFT
increases due to the larger diffusion time of the higher mole-
cular weight polymers. Furthermore, the final IFT value also
increases with the HMw-PVA-88 proportion. It should be noted
that, at very high HMw-PVA-88 proportions, the final IFT
values still approach the values obtained for the high LMw-
PVA-88 ratio samples. This again highlights the impact and
importance of the polymer diffusion time to the surface of the
droplets both during the pendent drop measurements and
during the detachment of droplets from the membrane with,
in this case, the final droplet stabilisation in the bulk also
drastically affected by these kinetics. In addition to this, exam-
ination of Fig. 7 suggests that the droplets growing on the
membrane for experiments using 9:1 to 5:5 LMw-
PVA-88 : HMw-PVA-88 ratios exhibit broadly similar behaviour.
Thus, one can assume that initial rapid IFT drops allow for
relatively rapid droplet detachment (Fig. 4) within this ratio
window and that the differences found for the values of span
and CV% in Fig. 5, with a minimum at the 7:3 LMw-
PVA-88 : HMw-PVA-88 ratio appear to be dictated by the avail-
ability of the larger polymer to provide an efficient steric
barrier for droplet stabilisation in the bulk.

As noted earlier the adsorption timescales to obtain an equi-
librium tension value are significantly longer than those experi-
enced during emulsification and therefore the dynamic IFT will
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Fig. 7 Long term dynamic interfacial tension measurements of an
n-dodecane—water interface in the presence of different volume ratios
of LMw-PVA-88 : HMw-PVA-88 polymer. Each polymer mixture was pre-
pared at a total polymer concentration of 0.1 wt% and all measurements
were conducted at 20 °C.
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be bounded within the IFT for a bare oil-water interface and
one at equilibrium as presented earlier in Fig. 4. The change in
droplet size shown in Fig. 5 & 6 ranges from 150 to 230 pm and
is concordant with the predicted sizes in Fig. 4. By combining
these findings with the tensiometry data presented in Fig. 3, it
is apparent that the minimum IFT that can be achieved before
droplet detachment occurs from the membrane pore is around
25 mN m™. It should be noted however that in reality when the
droplets form at the membrane pore, competitive interfacial
adsorption between the two molecular weight polymers will
occur,® which could be investigated further for a more precise
understanding of the adsorbed polymer film composition if
required. However, the data in this article demonstrate that by
optimising the molecular weight blend of a PVA polymer in the
continuous phase, it is possible to produce droplets with well
controlled size distributions using membrane emulsification
technologies at a fraction of the polymer concentration used in
traditional emulsification processes.

4. Conclusion

Dodecane in water emulsions were prepared using both mem-
brane emulsification and traditional homogenisation tech-
niques with both high and low M,, polyvinylalcohol as emulsi-
fiers. High M, polymers resulted in well-stabilised larger dro-
plets, while low M, polymers formed smaller droplets that
relatively quickly coalesced into larger droplets. These findings
were consistent using both high energy emulsification and
membrane emulsification. The size and stability of emulsions
produced with each emulsifier molecular weight was attribu-
ted to the balance between the ability of the polymer to steri-
cally stabilise an emulsion droplet and the diffusion time
required for adsorption to the droplet interface. Specifically,
the use of low M, polymer, which can quickly diffuse to the
droplet interface but provides limited resistance to coalesc-
ence, resulted in emulsions of a wide size distribution.
Conversely, high M,, polymer was slow to adsorb to the inter-
face, allowing increased droplet growth, but once adsorbed
demonstrated superior stability and relatively narrow size dis-
tribution. These overall behaviours were observed at concen-
trations ranging from 0.1 to 2 wt% of each polymer. Finally, we
demonstrate that due to the rapid initial diffusion low M,
polymer and increased stability of high M, polymer, an
optimum ratio of 7:3 resulted in a significant decrease in
emulsion CV and span at a polymer concentration of 0.1 wt%,
when prepared with the membrane emulsification process
(out of the range of ratios tested in these experiments). This
work demonstrates that, by tuning polymer molecular weights
and ratios between polymers of different MWs, emulsions of
controlled size, dispersity and stability may easily be formed
via membrane emulsification at extremely low polymer concen-
trations. These findings should be of significant interest to
both research and industrial formulations, allowing for well
controlled emulsions to be formed using minimal quantities
of polymeric stabilisers.
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