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Abstract: Preparation of zein nanopatrticles using SEDS (gmollgnhanced dispersion
by supercritical fluid) process has been publishetin optimized process conditions
(ie., temperature,pressure,solutions) had beemndisted based on the previous work.
The effect of nozzle structure on the size and imaqgy of zein nanoparticles was
studied through an new designed nozzle which tlagive position of the two tubes in
coaxial nozzle could be changed. In three differsmmticture we obtained very
different particles, Spherical particles which deter is 100-300nm was obtained in
convex condition that is similar with the previousrk, however, in level condition a
filamentous particles was obtained, the thread diamwas about 20-40nm. In
concave condition, the morphology of obtained phlas was between the two cases
above. The flow rate of supercritical @@as also studied as variable, but the effect
was not as significant as the changes of nozzietsire. An simplified model was
established for simulation. Flow and concentrafield distribution was calculate by
CFD(computational fluid dynamics) software to explauch a big difference on the

morphology of the particles in different nozzleustures.
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Introduction

The unique properties of fine particles have bemmsed great interest
for decades. Several manufacturing process haddmezioped to obtain
microsized and nanosized particles such as lyggaltidin [1], spray
drying [2]and supercritical method etc. Comparethvather methords,
supercritical antisolvent (SAS) technology whicls haique advantages
for not only the specific characteristics of fluidsapercritical conditions,
like the adjustable solvent power and the gasdiikisivity but also its
flexibility in operating and applicability in maiats is one of the hotspot
recently. In addition to the traditional way, SASalso known as other
appellation based on different injection devideg Igas antisolvent (GAS),
aerosol solvent extraction systems (ASES) partiflesn gas-saturated
solutions (PGSS) , supercritical antisolvent witth@&ced mass transfer
(SAS-EM) , and solution-enhanced dispersion by sufjieal fluids
(SEDS)[3-7].

The SEDS process is a modified SAS process in aodachieve smaller
droplet size and enhance the mass transfer of 8Ftten solution by
larger interface and faster surface renewable. Supercritical fluid is
used both as anti-solvent and as a ‘spray enhamgédrydro mechanical
effects[8,9]. The core unit is a special coaxiakzale via which the

supercritical fluid and the liquid solution arednjed into a high-pressure



vessel simultaneously. Currently, many kinds oftipkas were prepared
through this process from single component pagidech as lactic
acid-based polymers (I-PLA, d,I-PLA), puerarin, ghdarotene [10-13]
to multi-component composite particles such as PLGAded with
lysozyme[14], PHBV loaded witli-carotene[13]. The size of most of
these particles was between 100-500nm.

However this process was so complex for it conthilmés of adjustable
parameters which can affect the results[15] thatuhderstanding of the
process is far from completion. These parametardeadivided into two
categories, thermodynamic factors and Kkinetic factdfemperature,
pressure and an organic solvent are the mostlyiestutiermodynamic
factors. They are the key factors determining thasp equilibrium state
of the system which affect formation of the padislo as the size and
morphology of the particle. Although they have eliéint trend on particle
formation in different material system, there isansensus that most of
the particles which meet the requirements are nbthabove the critical
point of the mixed solvent[16-18]. Meanwhile thenddic factors which
affect fluid flow and mass transfer such as thevflate of solvent and
supercritical C@, injection from, and nozzle structure et al.. addfect
the size and morphology of the particle obviously.

Investigation of the flow rate appeared in mostvimes studies. Thus

most of them speculate the impact of the flow psscenly through the



difference in particles since it is hard to stuliyffield directly. In recent
days, calculating flow field becomes realistic withe maturity of
computational fluid dynamics(CFD) technology. And.AVl Tavares
Cardoso got good results by combined SAS with CBP[1

The impact of nozzle structure which is a keyda@specially in SEDS
process on the particle formation process shoutdeagnored. It can be
expected that the nozzle structure determine thednway of the two
flows thus exert a decisive influence on the messster between the two
phases. However such research was mentioned ravelgpt few
researchers like Andre anne Bouchard [20]. In #miscle, a newly
designed coaxial nozzle which has a adjustableripipe was uesd to
study the impact of diffenent nozzle structure gordurther investigation
the CFD technology was applied to SEDS processdbaseprevious
research.

Maize zein is the main storage proteins of maizdseand account
for 50% or more of total endospermic proteins. Heén proteins are
hydrophobic and insoluble in pure ethanol and thgsuld dissolved in
ethanol mixed with many other solvents such as nvateetone and
dichloromethane etc. Zein has long been of bothnsific interest and
industrial importance. As a material with good liopatibility , it has
been widely utilized in drug release system such-#sorouracil-loaded

zein nanoparticles[21] lysozyme-loaded zein micpscdes [22] etc.. And



another application is carrier in release systethéfield of food [10,22]

There are many ways to obtain zein particles irelenaporation[16],
spray dry[21], liquid—liquid dispersion[10] andertainly the SAS
process wihch produced a wide range of nano-siaditie is also
proved to be a good way[22]. Yunchang Guo repbdsthere are two
types of particles, globular and rod-like. In someaditions, zein could
form fiber-like structure. It is sure that zeinipkgs in different size and
shape could be used in different direction suctoasing material in
pharmaceutical or biodegradable material in packi2ge to the diversity
of shapes zein is used as model compounds ipaipier.

The main purposed of this research was to explaw the nozzle
structure affect the formation of particles. So tiesvly designed nozzle
which included adjustable structure was used tainhtano-sized zein
particle. Different structure of nozzle and SCGC@ow rate was
investigated by compare the size and shape of saed-zein particle. In
addition, a CFD model was established to calculaeflow field to give

a general explanation of the difference in products

2. Materials and methods
2. Materials and methods2.1. Materials
Zein was purchased from Sigma. Dichloromethane aiidnol with

analysis grade were purchased from Shanghai Liggf@mnemical



Reagent Co. Ltd, Shanghai .Carbon dioxide of 99.99dfity was

purchased from Rui Li, Ltd. Shanghai.

2.2. Preparation of zein nano-particles

The SEDS experiment apparatus is shown in Fig %.f@ the cylinder
(A) was condensed by a refrigerator and pumped timoprecipitating
vessel (G) by the piston pump (C) via the heat argkr (D). CQ@then
went into the dual decompression vegselfrom the precipitating vessel
and gas flow rate was shown in gas flow nfdtex After the pressure and
temperature reached the desired values, the lspligtion was injected
though inner part of the coaxial nozzle giinner = 100um, ®outer =
1000 um) and spray with supercritical GQvhich flow in the external
pipe of the coaxial nozzle simultaneously. The fioftthe liquid solution
could be adjusted by an HPLC pump (E) and flowh&f €Q could be
adjusted by the piston pump (C). After all of tlsdusion was injected in
the vessel, SCC{rontinued to be pumped into the vessel (G) to x&mo
the remaining solvent, thus ensuring products coedararely solvent.
The organic solvent could be separated from @Qthe decompression

vessel (H).
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Fig1

A-CO2 cylinder; B-cooling system(refrigerator);Csfmn pump; D-heat
exchanger; E-HPLC pump; F-solution; G-high pressure
vessel(precipitator);H-dual decompression vessabalkial nozzle;

J-pressure meter; K-incubator; L-gas flow meter

2.3. Adjusted coaxial nozzle

Nozzle is the innovation of this paper. The adjdsteaxial nozzle was
shown in Fig.2. The relative position of the inpgre (A) and the outer
pipe (B) could be adjusted by regulating device. (G)e coaxial nozzle
can easily switch in two types (convex & horizonedo the exist of the

regulating device.
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Fig 2

A- Inner pipe; B- Outer pipe; C- Regulating device®nvex position;

F-Horizon position

2.4. Characterization

Morphological characterization of products whictkela from vessel
directly was observed by SEM (JOEL, JEM-7401F).nmdal amount of
specimen was placed on one surface of a double-Hadeesive tape that
sticks to the sample support and coated with gatdien vacuum
condition for about 20 s to enhance the electaoaductivity of samples.
A JEOL JEM2010F(JEOL Ltd.) Transmission ElectrorcMscope (TEM)
was also used to examine the structure of the semal particles. The
sample was dispersed in anhydrous ethanol anddheed in the copper

web.



2.5. CFD simulation

CFD calculations were performed usingmoni2.0 —COMSOL
Mitiphysies—3.5-software. For simplification purposes we assume all
fluids are incompressible, the simulations descthee mixing of pure
SC-CO2 as the SCF phase and solvent as the lign@geometric model
was based on the apparatuses which is an axial etmym
three-dimensional space. We established a two-difoeal graphics of
the axis section as shown in fig3. The calculatgore contains nozzle
end(A) and the whole high pressure vessel(B). Tbtails of the
coaxial nozzle is expressed as inner pipe(C) antropipe(D).The
generation of grid used an unstructured mesh methauld imagine
that the greatest change of flows is near the atezre fluid flow out

from nozzle, so this area dense grids take place.
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Fig 3 Geometric model



A-Nozzle; B-high pressure vessel; C-Inner pipedHer pipe;

Fig 4 Unstructured mesh

Results and discussion

3.1 Formation of zein nanopatrticles by SEDS

In order to reach the purpose of the research enntipact of the nozzle
structures on the formation of zein nanoparticlesine operational
parameters were fixed in the experiment shownbletd according to the
preliminary experiments. The temperature and presstithe processes
were set beyond the mixture critical point (MCP}t¢ SC—CQand the

solvent. The mixed solvent of ethanol and dichlogdmne was chosen

- {Commentaire [y1]: EEBIRSS 2

10mg/ml. The solution flow rate was 1ml/min.



Table 1 Some parameters fixed in the experiment

Temperature Pressure Concentration Solution flow rate Solvent
(1) (MPa) (mg/ml) (ml/min) Ethanol:Dichloromethane
45 10 10 1 5.7

Table 2 showed the results of the experiments.hsva in the table, we
obtained three different types of particle in marolgy the size of the
particle was from 50 to 350nm. Obviously when tbezte had the same
position, when flow rate of COncreased the particle size got smaller,
meanwhile the change direction of morphology isbgle to rod like to
fiber. When the C®flow rate was fixed, nozzle position near horizon

have the same trend in the effect of particles.

Exp. No. CO, flow rate Nozzle position M or phology Particlesize
(kg/h) (nm)

1 3 Horizon Rod like 100-200

2 3 Convex Globule 100-350

3 45 Horizon Fiber 50-150

4 4.5 Convex Rod like 100-200
5 6 Horizon Fiber Diameter<50
6 6 Convex Fiber Diameter100

Table 2 Results of the experiments

3.2.The impact of nozzle structure

3.2.1 _Analysis of velocity field under different nozzlestiors
As is shown in table 2, different zein particles loth size and
morphology were obtained under different nozzleitpmss. It seemed

that filamentous structure which showed in Fig Xkawas appeared



easily vhen the nozzle structure was the horizon stytele rod like

structure which showed in Fig 5 (c)(d) could appearboth nozzle
positions. But the single spherical particles idyoosbtained under the
condition that nozzle position is convex and ,Cidw rate at 3kg/h
through TEM image which showed in Fig.5(f). Becauwdedifferent
sample preparation methods, the SEM image whiclvetidn Fig.6(e)
shows these spherical particles aggregate togetheit also exhibits a
wide size distribution of the particles. The appamdiameters are about

100 to 350nm, which is consistent with the resodts Zhong et al. [ 22

]
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SJTU-7401F LEI 5.0kV X100,000 100nm WD 80mm




SJTU-7401F LEI 50KV X50000 100nm WD 8O0mm

SJTU-T401F LE! 50KV X50,000 100nm WD

Fig 5 SEM & TEM image of zein nanoparticles obtaira¢ 10 Mpa, 457 :
(a)(b)Horizon, CQflow rate at 6kg/h;(c)(d) Convex, GG@low rate at 4.5kg/h;

To explain theabevephenemenearesults, a CFD model was established.
The simulations othe experiments 1-6 of Table 2 were performedttier
steady state analyzed by the software. The detedmnialocity field of

the experiment and 4efTable2igrerepresented in Fig. 6 atlae

velocity field for the experiment 4 is represeniteffig. 7_respectively

The mean velocity changed rapidly near the jetasva in Fig. 6 andhe

veloeity-field-for-the-experiment-4-isrepreseniteffig. 7. The maximum

velocity appeared in a very short distance froméhelust below the jet



there was a region where the velocity decreasedifas believed that in
this zone the turbulent mixing took place. Meanw/lile droplets were
formatted in this region. It meant that the positad inner pipe affected
the flow most, and the flow affected the formatajrdroplets thereby
affected the formation of particles. However, theam velocity of the
most region in vessel was low, especially the spabeve the jet and far
from it, which meant that these regions had noceffe the formation of

particles.
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Fig 6. Velocity field

Nozzle position: Horizon; C&Xlow rate: 4.5kg/h

Compared-with-Fig-4-and-Fig-Byerall velocity fieldof No.3 and No.4

in Table 2seemed similalooking from Fig.4 and Fig.BuytHowever, we

can find their differences-Whenwe paypaid attention to the region near




jet, differencesappeaed-The velocity near the inner pipe in Fig 7 was

lower thanthat inFig 6. Thevaluevelocity nearly reduced doubkeen

clearly fronwhenwe-viewed _the ruler. It is noticed that the two moslel
hadhavethe same initial condition. Small chaigge the nozzle structure
caused significant changes in the velocity fieldeesally near the
jetwhich-Fhese-changded to notable changes both on the size and

morphology of the zein particles.
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Fig 7. Velocity field

Nozzle position: Convex; CQOlow rate: 4.5kg/h

3.4;2Theeffecimpaetof flow rate of SCCQunder the same nozzle

positiors ]
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Table 3 Velocity field of convex condition at difest CQ flow rate

a:3kg/h b:4.5kg/h c:6kg/h

As was shown in tableZhethe maximum velocity value accrued in a
very short distance from the jet. Just below thethere was a region
where the velocity decreased fast. When the flae o6& CO2 increased,

the velocity gradient increased meanwhile the sheacefogrew. The
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droplets vanished in the region where the velodégreased fa
”””” TRER , XAEFA ?

area the main way of mass transfer is diffustaweverHoweverin the
area wher¢heturbulent mixing took placthe convectiorwasdominated.
So through the analysis of the convex nogasitiea-type, velocity field

compare with experiment results, The size of partiecreased by the
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The generation of shear was due to the velocifgrdifice between the

two flows. The formation of droplets depended amghear force based

on spray theory. The stronger the shear was ,tladlesnthe droplets was.

So a smaller droplets would formed when the flote it SCCQ



increased. The decreased of particles size coutkplained by the
reduction of droplets.

The droplets were in regular shape when two-pHaserhte difference
was small, thus with the increasing of the diffeershear force became
stronger, the shape of droplets were irregular.dftage in morphology

of particles was considered as the alteration efitfoplets.

Fig 8. Velocity field

The left is in convex position while G@low rate at 4.5kg/h
The right is in horizon position while G@&low rate at 3kg/h
Through the result of simulation(Flg 8.), a same flow fieldubd be

created by the combination of different flow ratesd nozzle positions.

Then, compared witthe experiment resultdlo.1 and No.4 in Table\ﬁ\lg//{“mme"taire Lyel: 4 7

obtianed similar particle under different nozzleisture and flow rate of



supercritical fluid for the similar flow field. Iraddition we proved
indirectly that the small region under jet playediecisive role in the

formation of particles at the same thermodynamiwitions.

Conclusion

The results demonstrate that the nozzle structuoaeé of the factors of
particle formation in SEDS process. A small alteratn nozzle structure
would led a big change in the shape and size gbainicles.

CFD calculations prove that the shape of flow figtd determined by
both nozzle structure and the velocity of two plesgecially
supercritical fluid). Compared with experiment lsuhe particles form
similar morphology and size when the shape of fli@d near solution
jet is similar.

Three types of zein nano structure were obtaineolpylevice. The fiber

structure is first found and it may has potentgdge in many fields.
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