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Abstract: In this work, the emulsification of oil-in-water two-phase systems with three emulsifiers
(PEG1500, 6000 and 20000) was studied in a batch macro system and in a continuously operated
microfluidic system. The effect of emulsifier concentration, oil concentration and mixing rate on zeta
potential and average Feret diameter was analyzed for the macro-batch system, while the effect of
emulsifier concentration, oil concentration and total flow rate on zeta potential and average Feret
diameter was analyzed for the microfluidic system. The emulsions prepared in batch system were
more stable, had smaller droplet diameter but higher values of polydispersity index (PDI) compared
to those prepared by continuous method. In both cases, batch and continuous, the use of PEG
with higher molecular weight resulted in emulsions with lower zeta potential values. In batch
emulsification, all three optimization parameters (emulsifier concentration, oil concentration and
mixing rate) had a significant influence on the average Feret diameter and zeta potential (depending
on the PEG, used for emulsification), while the emulsifier concentration had the most significant
influence on the zeta potential and average Feret diameter of emulsions prepared in the continuous

microsystem process.

Keywords: PEG emulsions; microfluidics; high shear mixing; average Feret diameter; zeta potential

1. Introduction

Emulsions are considered as one of the most popular encapsulation and delivery
systems for a variety of lipophilic, hydrophilic, and amphiphilic bioactive molecules due to
their high encapsulation efficiency, preservation of chemical stability of the encapsulated
molecules, and controlled release [1]. Emulsion technology has found its application in
various types of industries ranging from textile, cosmetics, chemical, food and many more.
It is also widely used for the encapsulation of bioactives in aqueous solutions, which can
either be used directly in the liquid state or dried into powders [2]. The emulsification
process must ensure the formation of stable emulsions with controllable microscale particle
size, morphology and composition [3,4]. During the emulsification process, formation
and dispersion of droplets is achieved by intensive mixing or mechanical disintegration,
usually using high shear mixers or homogenizers. Batch emulsification processes are highly
dependent on batch volume and processing time, with lower batch volume and longer
processing times resulting in smaller droplets [5]. Due to non-uniformed stresses across
the batch system, emulsions formed in this way usually consist of droplets that are highly
polydispersed in size [6]. To reduce or eliminate the aforementioned drawbacks of the
conventional emulsification process, microfluidic technology can be used. By reducing the
size of the apparatus by several orders of magnitude (to dimensions in the micrometer
range), significant economic advantages and a reduction in environmental impact can
be achieved [7,8]. According to Dobhal, Kulkarni & Dandekar [9], microreactors have
the ability to mix reagents rapidly (high continuous variations in reaction conditions and
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support addition of reagents at precise time intervals during the course of the reaction),
which makes them an attractive technology for various applications. Also, the small size of
microreactors reduces transport limitations (short diffusion paths, as there is a quadratic
decrease in diffusion time with the decrease in linear system dimension), which leads
to an opportunity to improve selectivity and yields of the desired product [10-12]. The
production of microdroplets using microfluidics is based on a spontaneous process in
which viscous stresses occur as a result of interfacial flow at the boundary of two lig-
uid phases [13,14]. Microfluidic technology offers the possibility to control shear stress
compared to batch emulsification where shear stress cannot be controlled. The flow charac-
teristics in microchannels allow the applicability of high shear forces to the moving fluid.
The shear forces act on a small volume of liquid (volume of a few nanoliters), which allows
the size of the droplets to be precisely controlled. Moreover, the surface tension is dominant
in the microchannels, which allows the continuous generation of numerous droplets with
identical diameter [15].

There is literature data which describes microfluidic emulsification processes [16] and
compares batch and continuous emulsification using ultrasound [5]. To the best of our
knowledge, there is no work that directly compares oil-in-water emulsion formation in
high shear batch and continuous microfluidic processes. Therefore, this work is focused on
the optimization and comparison of the two processes. Two types of systems were used:
(i) mixing under high shear as a representative of macro-batch process and (ii) the microflu-
idic system as a representative of micro-scale continuous system. Optimization in both
types of systems was performed using edible oil and water and three types of polyethylene
glycol as emulsifiers (PEG1500, 6000 and 20000). The effect of emulsifier concentration, oil
concentration and mixing rate on zeta potential and average Feret diameter was analyzed
for the macro-batch system while the effect of emulsifier concentration, oil concentration
and total flow rate on zeta potential and average Feret diameter was analyzed for the
microfluidic system. Effect estimates and desirability profiles were obtained by Response
Surface Methodology.

2. Materials and Methods
2.1. Materials

Edible sunflower oil (Zvijezda plus d.o.o., Croatia) was purchased from a local super-
market. Polyethylene glycol with an average molecular weight of 1500 g/mol (PEG1500)
and 6000 g/mol (PEG6000) used in the experiments were produced by Acros Organics
(Geel, Belgium), while the 20,000 g/mol polyethylene glycol (PEG20000) was supplied by
Sigma-Aldrich (Darmstadt, Germany).

2.2. Methods
2.2.1. High Shear Batch Emulsification in a Macro-System

Optimization of oil-in-water emulsion production was carried out using a batch
system. The influence of emulsifier concentration (X;), oil concentration (X;) and different
mixing rates (X3) on emulsion stability, expressed as zeta potential (Y1), and on average
Feret droplet diameter (Y;) was analyzed, according to the Box-Behnken experiment design
shown in Table 1.

The required amount of oil, water and emulsifier was placed in a Falcon tube and the
total volume of water and oil in the tube was 10 mL. The oil/water mixture was then mixed
using a TH220-PCRH rotor/stator homogenizer (Omni International, Kennesaw, GA, USA)
for 4 min at a rate specified in the experimental design (Table 1). After homogenization,
the samples were further analyzed microscopically for the average Feret diameter and zeta
potential, and their NIR spectra were recorded.
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Table 1. Experimental plan for emulsion production in a batch system.

Exp. Emulsifier Concentration (%)  Oil Concentration (%)  Mixing Rate (1/min)
Bl 2(-1) 30 (0) 15,000 (—1)
B2 2(-1) 30 (0) 35,000 (1)
B3 6(1) 30 (0) 15,000 (—1)
B4 6(1) 30 (0) 35,000 (1)
B5 4 (0) 25(—-1) 15,000 (—1)
B6 4 (0) 25(-1) 35,000 (1)
B7 4 (0) 35(1) 15,000 (—1)
B8 4 (0) 35(1) 35,000 (1)
B9 2(-1) 25(-1) 25,000 (0)
B10 6(1) 25(-1) 25,000 (0)
Bl1 2(-1) 35(1) 25,000 (0)
B12 6(1) 35(1) 25,000 (0)
B13 4 (0) 30 (0) 25,000 (0)
B14 4 (0) 30 (0) 25,000 (0)
B15 4 (0) 30 (0) 25,000 (0)
B16 4 (0) 30 (0) 25,000 (0)
B17 4 (0) 30 (0) 25,000 (0)

2.2.2. Continuously Operated Emulsification in a Microfluidic System

Optimization of oil-in-water emulsion production was carried out using a microfluidic
system. The influence of emulsifier concentration (W1), oil concentration (W;) and total
flow rate (W3) on emulsion stability, expressed as zeta potential (Z;), and on average Feret
droplet diameter (Z;) was analyzed, according to the Box-Behnken experiment design
shown in Table 2.

Table 2. Experimental plan for the preparation of emulsions in the microfluidic system.

Exp. Emulsifier Concentration (%) Oil Concentration (%)  Total Flow Rate (uL/min)

M1 2(-1) 30 (0) 200 (—1)
M2 6 (1) 30 (0) 200 (—1)
M3 2(-1) 30 (0) 400 (1)
M4 6(1) 30 (0) 400 (1)
M5 2(-1) 25 (—1) 300 (0)
M6 6 (1) 25 (—1) 300 (0)
M7 2(-1) 35 (1) 300 (0)
M8 6(1) 35 (1) 300 (0)
M9 4(0) 25 (—1) 200 (—1)
M10 4(0) 25 (—1) 400 (1)
Mi1 4(0) 35 (1) 200 (—1)
M12 4(0) 35 (1) 400 (1)
M13 4(0) 30 (0) 300 (0)

M14 4(0) 30 (0) 300 (0)
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Table 2. Cont.

Exp. Emulsifier Concentration (%) Oil Concentration (%)  Total Flow Rate (uL/min)

M15 4(0) 30 (0) 300 (0)
M16 4(0) 30 (0) 300 (0)
M17 4(0) 30 (0) 300 (0)

Glass microchips with laser-engraved microchannels were placed in stainless steel
holders, which provided a leak-free connection (Micronit Microfluidics B.V., Enschede,
The Netherlands). Experiments were performed in microchannels with the following
dimensions: width: height: length = 250 um:150 pm:55.3 mm, which were equipped
with static teardrop micromixers. Two syringe pumps (both NE —1000 Syringe Pump
types, New Era Pump Systems, Farmingdale, NY, USA) with high-pressure stainless-steel
syringes (8 mL, Harvard Apparatus, Holliston, MA, USA) were used for solution delivery.
Two phases, oil and water, were introduced separately into microchannels through a
fused silica connection (375 um o.d., 150 um i.d., Micronit Microfluidics B.V., Enschede,
The Netherlands).

2.2.3. Microscopy, Average Feret Diameter and Polydispersity Index (PDI)

Samples of oil-in-water emulsions prepared in batch and continuously operated mi-
crofluidic system were photographed under the microscope equipped with a camera (BTC
type LCD-35, Bresser, Rhede, Germany) at 4 x magnification. The average Feret diameter
of the droplets was measured using the software tool Image]J (v.1.8.0. NIH, Bethesda, MD,
USA). The Feret diameter was defined as the perpendicular distance between two tangents
located on opposite sides of a particle. Based on the image analysis data, the polydispersity
index (PDI) was calculated for all the obtained emulsions [17]:

o\ 2
PDI= () 1
i M
where o (um) represents the standard deviation of the average Feret diameter and d (um)
represents the mean value of the Feret diameter.

2.2.4. Zeta Potential of Oil-in-Water Emulsions

Zeta potential of all oil-in-water emulsions were measured using a dynamic light
scattering instrument (Litesizer 500, Anton Paar, Graz, Austria). Dynamic light scattering
is based on laser light passing through the sample and detection of scattered light intensity
at different angles (15, 90 and 175°). The zeta potential of all the obtained emulsions was
analyzed as a measure of the stability of the emulsion. High values of zeta potential (more
than 30 mV or less than —30 mV) correlate with higher emulsion stability [18]. Approxi-
mately 300 puL of sample was placed in a quartz cuvette and zeta potential measurements
were made in triplicate.

2.2.5. Statistical Analysis and Optimization of the Emulsification Process
Descriptive Statistical Analysis

All measurements in this work were performed in triplicates and descriptive statistical
analysis (mean values, standard deviations and data distribution normality test) was
performed in Statistica v.13.0 software (Tibco Software, Palo Alto, CA, USA).

Optimization of Emulsification by Response Surface Methodology (RSM)

For batch emulsification, the influence of the independent variables (emulsifier concen-
tration (X1), emulsification time (X;) and stirring rate (X3)) on the stability of the emulsion,
expressed as zeta potential (Y1) and average Feret droplet diameter (Y;), was analyzed.
In addition, the effect of three independent variables (emulsifier concentration (W), oil



Processes 2022, 10, 449

50f16

concentration (W5) and total flow rate (W3)) on emulsion stability expressed as zeta poten-
tial (Z;) and average Feret droplet diameter (Z;) was analyzed for continuously operated
microfluidic emulsification. The effect of all parameters was analyzed in three levels (—1, 0,
1), and, according to the Box-Behnken design, 17 experiments were performed randomly
(Tables 1 and 2). Second order polynomial equations were used to fit the experimental data
(Equation (2)):
3 3
Y(Z) = Bo+ ) Bi-Xi+ ) BirX] @
i=1 i=1
where Y(Z) is the predicted response, 39, 3;, and (3;; are regression coefficients for intercept,
linear and quadratic terms and X; are the independent variables. Response surface mod-
elling was performed using Statistica v.13.0 software (Tibco Software, Palo Alto, CA, USA).
Moreover, optimization was performed for stability of emulsion expressed as zeta po-
tential and for the average Feret droplet diameter based on the desirability profiles obtained
from the RSM predicted values. The desirability scale in the range from 0 (undesirable) to 1
(very desirable) was used.

3. Results and Discussion
3.1. Zeta Potential, Average Feret Diameter, Micrographs and the PDI Index

In this work, the batch and continuous emulsification processes were optimized and
compared. The experiments were conducted based on the Box-Behnken experimental
design and the results for the high shear batch experiment are shown in Table 3.

Table 3. Mean values of zeta potential and the average Feret diameter (n = 3) of the oil-in-water
emulsion droplets prepared in a high shear batch system using three different emulsifiers (PEG1500,
PEG6000 and PEG20000). Polydispersity index (PDI) for the given droplet diameter is listed in
the brackets.

PEG1500 PEG6000 PEG20000

Bxp- /mV d/pum (PDI) /mV d/pum (PDI) /mV d/um (PDI)

Bl —58.97 £1.08 14.66 +14.00 (0.970) —48.00 £0.89 1591 +£7.89(0.252)  —39.57 £0.99  25.87 £ 12.45 (0.228)
B2 —5823 £0.58 20.83 +£13.15(0.405) —45.83+£0.55 1397 £9.89(0.530) —40.174+091  23.87 £9.34 (0.159)
B3 —5293 £0.38 12.73+6.59(0.264) —51.23 £1.46 22.64 +10.20(0.203) —38.00 £0.10  13.62 £ 5.88 (0.188)
B4 —4997 £050 18.85+10.53 (0.334) —46.67 £1.10 2476 +8.45(0.121) —41.13+1.03 11.12 +4.77(0.191)
B5 —5433 £1.04 2123 +£10.42(0.253) —39.93+0.78 13,57 +7.59(0.300) —23.20+0.36  23.57 £ 9.52 (0.165)
B6 —50.57 £ 047 7.38 £0.27 (0.271) —4560 £ 046  14.88 +6.63(0.224) —31.13+0.84  18.40 £ 6.54 (0.131)
B7 —57.80 £0.82  22.63 £9.31(0.170) —39.57 £0.60 26.25+9.21(0.124) —34.93£1.30 19.93 £ 4.42 (0.049)
B8 —56.07 £1.34 19.80 +8.09(0.172)  —42.27 £1.00 1428 £8.94(0.378)  —33.97 +£0.32  23.54 £9.77 (0.175)
B9 —56.60 £1.65 2294+9.86(0.183) —4323+0.21 17.41 +10.67 (0.426) —36.67 =0.25  11.06 £ 4.92 (0.209)
B10 —51.40+£140 2275+11.68(0.271) —49.30+0.80 14.83 +7.67(0.285)  —30.07 £0.55  13.81 £ 6.00 (0.154)
B11 —5433 £1.02 2092 +12.21(0.338) —44.63+1.01 2393+11.36(0.218) —33.83+1.17 20.40 + 12.89 (0.405)
B12 —56.53 £0.30 21.75+11.46(0.293) —45.63 £1.18 27.69 +13.33(0.235) —40.00 £0.10  10.53 £ 4.39 (0.176)
B13 —5897 £1.71 2217 +1242(0.306) —44.17+155 20.75+10.77(0.287) —38.50+0.72  10.08 &+ 5.79 (0.321)
B14 —58.33 +2.10 2226 +12.42(0.311) —41.07+0.76 21.51 +10.29 (0.209) —39.37 £0.76 13.89 + 6.62 (0.256)
B15 —54.80 £1.18 30.38 £11.00 (0.142) —44.73 £0.47 27.46 +10.64(0.151) —36.43 +0.80  20.18 £ 7.89 (0.155)
B16 —56.50 £ 0.69 23.00 + 12.07 (0.283) —44.27 £1.44 2127 £10.33(0.228) —47.37 £0.64 20.73 £ 10.12 (0.223)
B17 —56.63 £2.75 29.05+16.98 (0.349) —4597 +£1.25 21.74 +13.19(0.355) —39.20 4+ 0.35 16.73 £ 7.60 (0.216)

The zeta potential is defined as the potential difference between the charged surface of
the droplets of the dispersed phase and the positively charged ions in the aqueous solution
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of the emulsifier forming the continuous phase. In batch experiments using PEG1500 as
emulsifier, the values of zeta potential ranged from { = —49.97 4 0.50 mV (sample B4) to
C=—58.97 £ 1.08 mV (samples B1 and B13) and the values of Feret diameter ranged from
d =7.38 + 0.32 um (B6) to d = 30.38 = 11.00 um (B15) (Table 1). The values of zeta potential
indicate that all the emulsions prepared in batch experiments using high shear homogenizer
and PEG1500 as emulsifier were stable at given conditions (room temperature). According
to Sharma et al. [19], high values of zeta potential (positive or negative) are indicative of
higher emulsion stability and the use of zeta potential proved to be a successful method of
detecting emulsion stability under conditions of known ionic strength and pH values at
which it was determined. Considering the zeta potential values as a function of mixing rate,
it can be seen that higher emulsion stability was obtained in the experiments where the
maximum mixing rate was not used (e.g., 1, 7, 12-17). Similar results were obtained by Kim,
Oh, & Lee [20], who concluded that higher shear rates produce emulsions with smaller
droplet size, but droplet coalescence and flocculation occur, which destabilizes the emulsion.
Also, according to Kim et al. [20], Toro-Mendoza & Petsev [21] and Urbina-Villalba [22],
since the dynamics of small droplets at high shear rate is dominated by Brownian motion,
the active Brownian motion of very small emulsion droplets leads to droplet coalescence
due to flocculation, which leads to the long-term instability of emulsions produced for the
cosmetic industry. It can also be seen that the highest emulsifier concentration does not
necessarily lead to the most stable emulsions. Moreover, it is important to emphasize that
the effect of a single variable in this experimental design cannot be monitored without
taking into account other variables that may affect the process.

The values obtained for PEG6000 ranged from ¢ = —39.57 + 0.60 mV (B7) to { = —51.23
£ 1.46 mV (B3) for zeta potential and the values of Feret diameter ranged from d = 13.57
£ 7.59 um (B5) to d = 27.69 £ 13.33 um (B12) (Table 1). The values of zeta potential were
lower compared to those obtained for emulsions containing PEG1500, while the values
of average Feret diameter were in the range of those obtained for PEG1500 emulsions. It
can also be seen that the maximum mixing rate used does not necessarily mean the most
stable emulsion and that the interactions between the three parameters tested are complex
and interdependent and cannot be considered individually. A similar conclusion was also
drawn in a study by Wang et al. [23], in which the emulsion stability with PEG as emulsifier
is strongly dependent on the oil-water ratio.

For emulsions containing PEG20000, the values of zeta potential ranged from
C=-2320+£ 036 mV (B5) to ¢ = —47.37 & 0.64 mV (B16), while the Feret diameter ranged
from ¢ =10.08 £ 5.79 (B13) to ¢ = 25.87 £ 12.45 um (B1). It can be seen that the differences
between experiments are more pronounced: e.g., for experiment B5, the prepared emulsion
cannot be considered stable based on its zeta potential value ({ = —23.20 & 0.36 mV), which
falls out of the range considered stable for the DLS measurement method used (lower than
—30 mV and higher than 30 mV). On the other hand, the most stable emulsion produced
had a zeta potential value of { = —47.37 £ 0.64 mV (B16), which is considered stable and
falls within the range of stability values obtained for PEG6000. In the case of PEG20000, the
low mixing rate (15,000/min) combined with 4% emulsifier and 25% oil phase proved to be
unfavorable for emulsion production.

When comparing all three emulsifiers, it can be seen that the zeta potential values
for emulsions containing higher molecular weight PEGs were significantly lower than the
values obtained for emulsions containing lower molecular weight PEGs. As previously
described, zeta potential provides crucial information about the conditions on the emulsion
interface. The negative charge of the prepared emulsion can be explained by adsorption
of the HO- ions in water and also by charge form fatty acids and phospholipids form
oil used for emulsification. Therefore, the decrease in zeta potential with PEG molecular
weight can be explained by masking the particle charge by large PEG molecules. A study
by Cheng et al. [24] showed similar results; the zeta potential of PGE1 (prostaglandin E1)
nanoemulsion decreased significantly with the increase of molecular weight of PEG in
DSPE-PEG (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene
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glycol)-2000]), which was explained by the changes of net charge on the surface of droplets.
Another study explained the differences in zeta potential by the charge masking effect of
PEG, where a higher molecular weight PEG has more functional groups that can mask the
charge [25].

The results for the zeta potential and average Feret diameter of the emulsions prepared
in the continuously operated microfluidic system are shown in Table 4.

Table 4. Mean values of zeta potential and the average Feret diameter (1 = 3) of the oil-in-water emul-
sion droplets prepared in continually operated microfluidic system using three different emulsifiers
(PEG1500, PEG6000 and PEG20000). Polydispersity index (PDI) for the given droplet diameter is
listed in the brackets.

PEG1500 PEG6000 PEG20000
- UmV d/pum (PDI) UmV d/um (PDI) UmV d/um (PDI)

Ml —55.60 + 248 123&'0? 301[9%'64 _3232+2.12 113(530305)'05 2326+ 351 118(67.3 0%93;-59
M2 3654 + 2.69 89'(55 55;324 ~17.10 + 0.26 139830;7;)2'14 ~13.50 + 0.16 127£.30§[8;)1'55
M3 —5375+3.15 90'(250{;928(;'13 3413 + 1.46 127&370;:95)5'21 2774 4+ 1.90 1145;’04355)3'11
M4 —3729 +241 108('8.%23203 —15.84 + 142 140&89(;0;;"14 ~833+0.77 12981;*9%1'47
M5 4638 +7.52 96'(35 55733(;'05 3399 + 2.02 117&8.30?7%2'52 19.94 + 2.6 141(69.8 0%5'”
M6  —40.15 £ 2.60 85'(70?035225;'03 1635 £ 0.41 158(&(3)0%84)'58 ~9.05 + 0.46 124((35’0:9;)1'93
M7 —55.79 +3.04 89'(75 03;5287)'78 —35.73 + 1.85 129(%0326)'04 —2211+621 125&(9)?0?13)3"22
M8 3875+ 0.63 85'?‘(? 5;729(;'55 1585 + 0.59 131(3).30% 473'74 842+ 0.54 14425%8 0?45)-58
M9 —20.82 + 056 144&8110*4‘71)6'85 ~22.97 £131 100&(3).70;;;;'53 ~14.15 + 0.85 127(5(7)0109?;'73
MI10  —21.25+1.18 12%?8525“ ~20.72 + 0.39 87'(707.0129109)'43 —13.58 + 1.42 130&370;2)9 73
M1l —20.11+0.55 152&8%01;52'46 ~21.66 + 1.46 11%?3&5“ 1514 + 145 127(698 0;9)'11
MI12  —20.14 + 158 128&3?’00*62342 1856 £ 2.19 114&(7).30;511)1'59 12,69 £ 0.99 111(8.70;[3;0'41
M13  —17.94 +1.39 127&3755;)5 89 —23.12 4 047 104(83(?1[ 43;'94 —15.24 4 0.44 137&3?0225)1'68
Ml4 2042 +£117 1128.00;[05)5 A1 2078 £ 1.49 9 (503 0{; 4299)'43 14,69 £ 0.67 131(53 0?36)'29
M15  —18.61 + 0.48 130&8?0;5)9 43 2193 +£197 82'(507.03359196)'49 ~14.96 £ 0.12 1338?’0?;)8'10
M6  —18.72 £ 0.67 135&390;2)9 70 3304103 10(2'03.35529)'07 14324023 121(33 Oj;:)'lz
M17  —2331+0.39 138&370?913)9 B 21834170 97’?07.%8169)’07 ~1434 4213 10?53 ;5'53
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For PEG1500 emulsions prepared in a continuous experiment, zeta potential values
ranged from ¢ = —17.94 £ 1.39 mV (M13) to { = —55.60 &£ 2.47 mV (M1) while the Feret
diameter ranged from d = 85.40 £ 20.55 pm (M$8) to d = 152.08 & 12.46 um (M11). From
Table 4, it can be concluded that the most stable PEG1500 emulsions were obtained in
experiments 1 and 7. The process conditions for experiment 1 were: emulsifier concen-
tration of 2%, oil phase fraction of 30% and total flow rate of 200 uL/min. The zeta
potential determined for sample M1 was { = —55.60 £ 2.48 mV. Furthermore, experiment
7 was performed with an emulsifier concentration of 2%, an oil phase fraction of 35%,
and a total flow rate of 300 uL/min, and the resulting zeta potential for the preparation
was (= —55.79 & 3.04 mV. The most stable PEG6000 emulsion was also prepared at the
experimental conditions no. 7 ({ = —35.73 £1.85 mV). For the PEG6000 emulsions, the
zeta potential values ranged from ( = —15.84 £ 1.42 mV (M4) to { = —35.73 & 1.85 mV
(M?7), while the average Feret diameter values ranged from d = 82.57 £ 16.49 um (M15)
to d =158.13 4+ 4.58 um (M6). When PEG20000 was used as emulsifier, the most stable
emulsion was obtained in experiment 3 (emulsifier concentration of 2%, oil phase fraction
30% and total flow rate of 400 pL/min). For the PEG20000 emulsions, the zeta potential
values ranged from { = —8.42 £ 0.54 mV (M8) to { = —27.74 + 1.90 mV (M3), while the
average Feret diameter ranged from d = 108.53 £ 8.53 um (M17) to d = 144.40 £ 5.58 um
(M8). From the results in Table 4, it can be concluded that the use of higher molecular
weight emulsifiers leads to lower values of zeta potential, which is the same effect found in
the batch experiments. In direct comparison of batch and continuous experiments, it can be
seen that the batch experiments resulted in emulsions with better stability and with droplets
with smaller average Feret diameter. As mentioned earlier, smaller droplet diameters can
be obtained in batch processes, but the resulting emulsions are often polydisperse [6]. In
the case of the microfluidic process, droplet size and shape can be controlled with greater
accuracy because the shear forces act on a small volume of fluid [15]. In this study, the
PDI of the emulsions prepared in a high shear batch system ranged from a minimum of
0.049 (sample B7, PEG20000) to a maximum of 0.970 (sample B1, PEG1500) (Table 3), while
the PDI values for the continuous system ranged from a minimum of 0.0004 (sample M8,
PEG6000) to a maximum of 0.1047 (sample M9, PEG1500) (Table 4), which is consistent with
the literature data. This was also confirmed by the microscope images of the emulsions
shown in Figure 1.

In Figure 1, it can be seen that the batch experiments for all the PEGs used (Figure 1A,C,E)
resulted in emulsions in which the presence of very small and large droplets is visible
and droplets that do not have a regular circular shape are present. In the case of the
continuous experiment, the resulting emulsions contained larger spherical particles with
similar diameters, with very few small droplets (Figure 1B,D,F).

3.2. RSM Models

To identify variables with a significant effect on the response variables (zeta potential
and average Feret diameter), a second-order polynomial model was used to describe the
experimental data. The regression coefficients of the developed models for each response
analyzed (zeta potential and average Feret diameter) and for each analyzed PEG in both
emulsification systems (macro-batch and micro-continuum) are presented in Table 5.
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Figure 1. Example of the microscopic images of emulsions: (A) batch PEG1500; (B) continuous
microfluidic PEG1500; (C) batch PEG6000; (D) continuous microfluidic PEG6000; (E) batch PEG20000;
(F) continuous microfluidic PEG20000. Al microscope images shown are from experiments which
represent central points in experimental design: 4% emulsifier, 30% oil phase and mixing rate of
25,000 min~! for batch experiments; and 4% emulsifier, 30% oil phase and a total flow rate of
200 pL/min for the continuous experiments.
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Table 5. RSM models for description of zeta potential (1st row of a given emulsifier) and average
Feret diameter of droplets (2nd row of a given emulsifier). For batch experiments X; stands with
emulsifier concentration, X; for oil concentration and X3 for mixing rate. In microfluidic experiments
Wj stands with emulsifier concentration, W, with oil concentration and W3 with total flow rate.
Significant coefficients of the RSM model are shown in bold.

Process Emulsifier RSM Model R?
71 = 2.9575 — 0.9154-W; — 0.4918-W, — 0.3967-W3 + 0.2496-W;2 — 0.0527-W,2 + 0.5557
0.0102-W32 ’
PEG1500 2 2
Z; = —69.1958 + 4.1337- Wy + 2.9335-W, + 3.1584- W3 — 0.5424-W;* — 0.0445-Wo> — )\
8 0.0643-W52 .
g 71 = 18.9360 + 7.0558-W; — 5.1688-W, — 0.0117-W3 — 0.9690-W2 -+ 0.0886-W,2 — 06110
i% 0.01167-W52 )
! PEG6000 5 5
g 71 = —88.9380 + 0.6749-W; + 5.1710-W, + 1.6057-W3 + 0.0616-W;2 — 0.0731-W5?% —
w ) 0.6220
5 0.0347-W5
& 71 = 237.2975 + 3.9412-W; — 17.2697-W; — 1.3313-W3 — 0.4846-W12 + 0.2788-W,2 +
2 0.6843
0.0240-W5
PEG20000 2 2
71 = 47.48769 + 3.1199-W; — 0.2702-W, — 2.4991-W35 — 0.6407-W;2 + 0.0076-W,2 +
5 0.5763
0.0485-W3
Z1 = —141.9370 + 54.3620-W; + 0.1511-W; + 0.0404-W5 — 6.3361- W12 — 09535
0.0052-W,2 — 0.0001-W32 :
PEG1500 5 5
< o Zp = 32.3945 + 72.7408-W; + 5.2277-W, — 0.7583-W3 — 9.3389-W;2 — 0.0862-W,2 +
g8 > 0.4495
g é - 0.0012-W3
;i_g £ 7, = —38.8674 + 11.5933-W; — 0.6468-W, — 0.0496-W3 — 0.8942-W,2 + 0.0117-W,2 + 0.9437
=g 5 0.0001-W32 )
g5 g PEG6000 5 5
5§ 7, = 428.6650 — 58.4754-W; — 14.2105-W, — 0.1564-W3 + 7.9487-W, 2 + 0.2485-W,2 +
329 5 0.5667
£ 3 é‘» 0.0003-W3
23
§ £ 71 = 4.8239 + 4.0937-W; — 2.4664-W5 + 0.0024-W3 4 0.06447-W;2 + 0.0429-W,?% — 0.8428
0.0001-W52 ’
PEG20000 2 2
Zy = 257.9167 — 4.0875-W; — 11.8508-W5 — 0.4021-W35 + 0.7031-W;2 4 0.1908-W,2 — 4
0.0007-W52 0-4d61

In the batch experiments (Table 5) with PEG1500 as emulsifier, a significant influence
of oil concentration on both zeta potential and average Feret droplet diameter was found
in the linear and quadratic coefficients of the RSM model. A significant influence of mixing
rate on average Feret diameter can also be seen from the quadratic regression coefficient of
the RSM model. However, it must be emphasized that the R? values for the PEG1500 RSM
models were rather low (R2 for zeta = 0.5557 and R? for Feret = 0.4817), indicating that these
models can only be used for qualitative prediction of the influence of the input variables on
the responses. For PEG6000, emulsifier and oil concentration had a significant effect on
zeta potential in both linear and quadratic forms, while the average Feret diameter was
dependent on oil content and mixing rate for both linear and quadratic terms. For PEG6000,
R? values were higher compared to PEG1500 (R? for zeta = 0.6110 and R? for Feret = 0.6220).
For PEG20000, all tested inputs had a significant effect on zeta potential, while mixing
rate and emulsifier concentration had a significant effect on average Feret diameter values.
According to previously published data for batch emulsification, emulsion stability is
strongly dependent on oil concentration [23], shear rate, mixing rate, and duration of
mixing [20].

In continuous experiments (Table 5), emulsifier concentration had a positive significant
influence on zeta potential for emulsions with PEG1500 and PEG20000. A significant
positive influence of emulsifier concentration in a quadratic member on zeta potential for
PEG1500 and PEG6000 emulsions is also seen in the RSM model. A significant positive
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influence of emulsifier concentration on zeta potential and average Feret diameter for
PEG1500; as well as on the zeta potential of PEG6000 emulsions was also evident. The
best agreement between the model predicted and experimental values was detected for
the zeta potential for the emulsion containing PEG1500 (R? = 0.9846) and the lowest for
the average Feret diameter of the PEG20000 emulsion (R% = 0.4461). The developed RSM
models for the continuous experiments can be considered acceptable for describing the
influence of emulsifier concentration, oil concentration and total flow rate on the zeta
potential, while their applicability for the prediction of average Feret diameter is not
recommended. Importance of analyzed process variables was also previously reported by
Khalid et al. [26] for microchannel emulsification encapsulating quercetin, by Manickam,
Sivakumar, & Pang [27] for generation of oil-in-water emulsions by coupling ultrasound
and microchannel technology and by Nehme et al. [28] in microchannels high throughput
production of emulsions that would be used in cosmetics, nutraceutics and pharmaceutics.

3.3. Process Optimization

Optimization was performed for the zeta potential and for the average Feret diameter
based on the desirability profiles obtained from the RSM predictions. The desirability scale
ranging from 0 (undesirable) to 1 (very desirable) was used. The results are shown in
Figures 2 and 3.
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Figure 3. Desirability profiles for continuous experiments with: (A) PEG1500; (B) PEG6000;
(C) PEG20000.

For the high shear batch emulsification experiments, the optimal conditions for
the preparation of PEG1500 emulsions were: 2% emulsifier, 32.5% oil and a mixing
rate of 15,000 min~!. The predicted values at optimal conditions were ( = —58.74 mV
and d = 18.14 um (Figure 2A). For the PEG6000 emulsions, the optimal conditions were:
6% emulsifier, 25% oil and a mixing rate of 35,000/min. The predicted values at op-
timal conditions were ¢ = 48.06 mV and d = 14.59 pum, respectively (Figure 2B). For
PEG20000 emulsions, the optimal conditions were: 2% emulsifier, 32.5% oil, and a mix-
ing rate of 35,000/min. The predicted values at optimal conditions were { = —40.79 mV
and d = 22.39 um, respectively (Figure 2C). It can be seen that the optimal conditions are
different for each type of emulsifier used, which emphasizes the importance of proper
optimization of the process prior to the production of emulsions on a larger scale.

In continuous experiments, for PEG1500 emulsions, the optimal conditions were:
emulsifier concentration of 2%, oil phase fraction of 35% and total flow rate of 350 uL/min,
with the corresponding values at optimal conditions of { = —53.52 mV and d = 92.85 um
(Figure 3A). For PEG6000 emulsions, the optimal conditions for zeta potential were: emul-
sifier concentration of 2%, oil phase fraction of 27.5% and total flow rate of 300 uL min~?,
with the corresponding values at optimal conditions of { = —34.72mV and d = 117.27 pm
(Figure 3B). For PEG20000 emulsions, the optimal conditions were: emulsifier concentration
of 2%, oil phase fraction of 30% and total flow rate of 400 puL/min, with the corresponding
values at optimal conditions of { = —25.21 mV and d = 117.43 um (Figure 3C). It is inter-
esting to note that in continuous experiments, the lowest emulsifier concentration is the
one that gives the best results in all three cases, which is feasible because it allows the use
of fewer chemicals (emulsifier in this case). As already described in the literature [29-31],
many variables need to be investigated to obtain emulsions with desired properties, which
is costly and time-consuming, so it is recommended to use numerical methods such as
RSM for process optimization. For example, Caporaso et al. [32] applied RSM to optimize
olive oil-in-water emulsification, Ahn et al. [33] used RSM to optimize microencapsula-
tion of tomato extract by water-in-oil-in-water emulsification, Fathordoobady et al. [34]
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optimized microfluidic emulsification of hemp seed oil for oral delivery applications, and
Nieves et al. [35] optimized ultrasound-assisted emulsion preparation in a microfluidic chip.

4. Conclusions

This study focused on the comparison and optimization of two types of emulsification
processes: a macro-batch process using a high shear homogenizer and a continuous micro-
process using a microfluidic system. Three emulsifiers were used for both processes:
PEG1500, PEG6000 and PEG20000. The emulsions prepared in the batch process were more
stable, had smaller droplet diameter but higher PDI values compared to those prepared in
the continuous process. Moreover, different PEGs were found to have different influences
on the zeta potential of the emulsions: in both cases, the use of PEG with higher molecular
weight resulted in emulsions with lower zeta potential values. Optimization of both
processes revealed that the optimal processing conditions depend on the type of PEG
used. Batch emulsification was found to have a significant effect of all three optimization
parameters (emulsifier concentration, oil concentration and mixing rate) on average Feret
diameter and zeta potential (depending on the PEG used for emulsification), while the
emulsifier concentration had the most significant effect on zeta potential and average Feret
diameter of emulsions prepared via the continuous microsystem process.
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