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Using gas-liquid segmented micromixers to prepare nanoparticles that have a homogeneous particle
size, controllable shape, and monodispersity advantages. Although nanoparticle aggregation within a mi-
crofluid has been shown to be affected by the shear effect, the shear effect triggering conditions in gas-
liquid two-phase flow is unclear and the aggregation behavior of nanoparticles under the shear effect
is difficult to predict, resulting in uncontrollable physical and chemical properties of nanoparticle ag-
gregates. In this study, a numerical simulation of nanoparticle aggregation in gas-liquid two-phase flow
under the shear effect is performed using the CFD-DEM method. Then, the effects of total flow rate,
gas-liquid two-phase flow ratio, and particle volume fraction on particle aggregation were analyzed to
achieve control of particle aggregation shape and size. Meanwhile, the triggering mechanism of the shear
effect and the mechanism of the shear effect on the aggregation of nanoparticles were clarified. The re-
sults show that increasing the total flow rate or decreasing the gas-liquid two-phase flow rate ratio can
induce the shear effect, which reduces the particle aggregation size and makes the morphology tend
to be spherical. Moreover, increasing the particle volume fraction, and total flow rate or decreasing the
gas-liquid two-phase flow rate ratio also increases the number of particle collisions and induce interpar-
ticle adhesion. Hence, particle adhesion and the shear effect compete with each other and together affect

particle aggregation.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nanoparticle drug delivery systems show great potential for
cancer therapy and targeted disease treatment [1,2]. Furthermore,
for better drug loading capacity and stability, the nanoparticle drug
delivery system should be as small as possible and have uniform
morphology and homogeneous size [3-5]. However, using the bulk
preparation method to prepare nanoparticle drug delivery systems
is associated with slow mixing speed and uncontrolled flow field,
which leads to the wide size distribution of nanoparticles, in-
homogeneous morphology, and poor batch-to-batch reproducibil-
ity. While the micro-mixing chip has shown good promise in the
preparation of nanoparticle drug delivery systems because of its
high mixing efficiency and precise fluid control [6].

Segmented flow micromixers (SMFRs) in micro-mixing chips
produce slug flow (gas-liquid segmented micromixer)/droplet flow
(liquid-liquid segmented micromixer) by adding gas or liquid in-
compatible with solvents. The reverse circulation generated in
droplets and recirculation in slug enhances the solvent mixing rate
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and radial solute transport, resulting in the reduction of nanopar-
ticle aggregate size and the enhancement of monodispersity.
Stolzenburg et al. [7] prepared TiO,, ZnO, and CeO, nanoparticles
using liquid-liquid segmented micromixers and adapted to differ-
ent reaction times by changing the microchannel structure. More-
over, Ochoa et al. [8] proposed a simple and low-cost liquid-liquid
segmented flow method for the synthesis of spherical nanoparti-
cles of Ag and Au and reduced the particle size by varying the re-
actant concentration, reaction time, temperature and surface ten-
sion. While Kumar et al. [9] used both gas-liquid segmented mi-
cromixer and liquid-liquid segmented micromixer to prepare Ag
nanoparticles. Under the same operating conditions, due to dif-
ferent hydrodynamic effects, the gas-liquid two-phase micromixer
generated particle aggregates with better morphology, smaller par-
ticle size and narrower size distribution. In addition, the gas-liquid
segmented micromixer is more widely used because the gas phase
can be separated more easily. Therefore, many researchers used the
gas-liquid segmented micromixer to prepare nanoparticles. For ex-
ample, Huang et al. [10] prepared Au nanoparticles using gas-liquid
segmented micromixer and accelerated the mixing rate by opti-
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mizing the flow conditions to achieve nanoparticles polydispersity
of less than 5%. Kwak et al. [11] used gas-liquid segmented mi-
cromixer to synthesize CdSe quantum dots and uniform nanoparti-
cles size distribution by adjusting the precursor flow rate. It is seen
that changing the total flow rate, two-phase flow rate can improve
the mixing rate and thus control the morphology and size of the
particle aggregates. However, Wang et al. [12-14] found the shear
effect within the gas-liquid segmented micromixer in their exper-
iments and showed that the morphology and size of the particle
aggregates were also affected by it.

When the particle aggregates are in the fluid domain with ve-
locity gradient, the magnitude and direction of the hydrodynamic
forces on both sides are different, producing the shear effect and
inducing particle aggregates to separate. To clarify the influence
of the shear effect on the aggregation behavior and dynamics
of nanoparticles, researchers obtained the collision frequency and
force between particles by constructing numerical simulations. For
example, Becker et al. [15-17] constructed a computational model
based on experimental data that can accurately describe the inter-
particle interaction forces and used it to investigate the reorgani-
zation behavior of particle aggregates within a linear shear flow in
relation to the size of the aggregates. Moreover, Wilson et al. [18-
20] analyzed the factors influencing the size and monodispersity
of particle aggregates within the Poisson leaf flow in microchan-
nels and showed that the size of aggregates increases and then
decreases with increasing flow velocity and shows polydispersity.
Furthermore, Zeidan et al. [21,22] clarified the fracture mechanism
of aggregates and showed that the final aggregate morphology is
strongly correlated with the shear rate and interparticle interac-
tions. Nanoparticle aggregation behavior in microfluidic channels
is strongly influenced by the flow pattern, whereas little attention
has been paid to nanoparticle aggregation behavior in gas-liquid
two-phase flows. Previous experiments have mostly focused on the
analysis of the morphology and monodispersity of nanoparticle ag-
gregates in gas-liquid two-phase flows [23-25], and there are few
studies on the effect of flow properties on shear effects and the
prediction of nanoparticle aggregation behavior under the shear
effect. Therefore, it is not possible to precisely control the mor-
phology and size of nanoparticle aggregates by changing the flow
properties.

In this study, a model of nanoparticle aggregation in gas-liquid
two-phase flow based on the CFD-DEM method was developed
to investigate the effect of the shear effect on nanoparticle ag-
gregation behavior. The van der Waals and adhesion forces be-
tween nanoparticles, and the drag force and shear lift forces of
the flow field on nanoparticles are considered in this model. We
have focused on the effects of total flow velocity, gas-liquid two-
phase flow ratio, and particle concentration on particle collision
frequency and the shear effect. Furthermore, the trigger condi-
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tions of shear effect in gas-liquid two-phase flow are clarified, and
the prediction of nanoparticle aggregation behavior within the gas-
liquid two-phase flow is realized.

A gas-liquid segmented micromixer structure with Taylor flow
pattern in the microchannel was constructed to study the influ-
ence of the shear effect on the aggregation of nanoparticles. The
structure is schematically shown in Fig. 1, where a slug and two
adjacent half bubbles are called a “unit cell”. Since the particle ag-
gregation is only influenced by the flow field inside the slug, the
bubble is considered as “void”. The cross-section of the microchan-
nel is circular, and the inner diameter d is 40 um. Lg and Lg denote
the length of bubble and slug, and § is the thickness of the liquid
film, which are related to the physical characteristics of the gas-
liquid phase, flow characteristics and microchannel inlet type. In
this paper, the microchannel inlet is set as a classical T-shaped in-
let with the same inlet characteristic length as the microchannel.
Lg, Ls and § change when the total flow rate of the gas-liquid phase
and the two-phase flow rate ratio change. Qian et al. [26] and Aus-
sillous et al. [27] summarized empirical formulas for Lg, Ls, and
& when the microchannel entrance is T-shaped from experimental
data in Egs. S1-S3 (Supporting information).

At the microscale, the motion of nanoparticles is subjected to
buoyancy, drag force, shear lift force (the hydrodynamic force), van
der Waals force, and interparticle contact force (the particle inter-
action force). Since the density of the particles is similar to that of
the fluid, gravity and buoyancy are neglected in this study, and the
physical and chemical parameters of the nanoparticles are shown
in Table S1 (Supporting information). When the particle velocity
is different from the fluid velocity, the particle is subject to drag
force, and the direction of the drag force is opposite to the di-
rection of the particle relative to the fluid velocity. Moreover, the
shear lift force is generally divided into the Magnus force and the
Saffman lift force [28]. Due to the relatively high viscosity of the
liquid, the Magnus lift force is neglected. When there is a velocity
gradient perpendicular to the direction of particle motion in the
flow field, the Saffman lift force is directed from the low flow di-
rection to the high flow direction, pushing the particles toward the
high flow region. At the macroscale, the classical Hertz-Mindlin
contact model [29] can simulate the interparticle contact process
and calculate the interparticle collision force. However, at the mi-
croscale, the interparticle adhesion and the interparticle van der
Waals forces cannot be neglected. The JKR model [30] can describe
the interparticle intrinsic relationship through the particle surface
energy and elastic energy, and can accurately predict the interpar-
ticle adhesion behavior. Oleh et al. [31] introduced interparticle ad-
hesion forces and van der Waals forces based on the JKR contact
model theory and modified the classical Hertz-Mindlin formula-
tion, and the interparticle contact forces are shown in Eq. S6 (Sup-
porting information).
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Fig. 1. Schematic structure of nanoparticle aggregation model within gas-liquid two-phase flow. Where uj, is the apparent bubble velocity, and u; is the liquid phase velocity.
The gas-liquid two-phase flow flows from left to right. Due to the use of dynamic reference coordinate system, the periodic boundary velocity is negative, and the direction

is opposite to the actual flow direction.
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Fig. 2. (a) Particle aggregation in the gas-liquid two-phase flow when the total flow rate Q=0.025 pL/s and the two-phase flow rate ratio is 1:1. (b) The location of the
marked particles at T=0.03s, 0.035s, 0.04s. (c) The velocity cloud of the gas-liquid two-phase flow.
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Fig. 3. Variation of average particle coordination number and collision number for a total flow rate of 0.025 pL/s, a two-phase flow rate ratio of 1:1, and particle volume

fractions of 1%, 1.5%, and 2%.

In order to simulate the particle aggregation in gas-liquid two-
phase flow, the flow field data in the steady state of gas-liquid
two-phase flow are first solved, and then the particle motion under
the action of the flow field is solved. When the particle concentra-
tion is less than 4%, the effect of particle motion on the flow field
is negligible [32]. In order to save computational and time costs,
the flow field is coupled with the particles in a single term.

When the distance between the centers of two particles is less
than the sum of particle radius, the two particles are considered
to undergo adhesion. The total number of particles with which a
particle adheres is the particle coordination number (Cy). Fig. 2a
shows the process of nanoparticles within the liquid slug from a
uniformly distributed state to the formation of stable aggregates.
The particles are subjected to hydrodynamic forces to start the cir-
cular motion. Furthermore, the velocity gradient within the slug
causes the particles at different locations to be subjected to differ-
ent hydrodynamic magnitudes and directions, leading to collisions
and adhesion between the particles. And with the increase of time,
the particles with high Cy4 gradually increase and form aggregates.

In addition, deposition was also observed around downstream
bubbles, the same deposition observed in the preparation experi-
ments of Au nanostructure by Kulkarni et al. [33]. Importantly, se-
vere deposition can affect the stability of gas-liquid two-phase flow
and cause preparation contamination, so there is a need to clarify
the formation mechanism of deposition and reduce the deposition
phenomenon. The deposited particles at T=0.03 s were marked in
red and the motion of the marked particles was recorded as shown
in Fig. 2b. It is observed that the particles at the deposition will
return to the circulation area again after a certain period of time.
Comparing the deposition location with the velocity distribution
cloud of the flow field (Fig. 2c), it is found that the flow veloc-

ity is higher where the particles are deposited compared to other
locations. Therefore, the particles are pushed by Saffman lift into
the high flow velocity region and form deposition. Then, under
the action of drag force, some of the particles at the deposition
will restart their circular motion after a short period of parking.
In addition, the particles are not stationary during deposition, and
there are still collisions between particles. Particle adhesion also
occurs at the deposition site and particle aggregates are generated.
It is worth noting that a larger drag force is required to restart the
cyclic motion of the particle aggregates compared to the particles.
Hence, the deposition of particle aggregates may be irreversible
when the flow velocity within the flow field is small or the ve-
locity gradient around the bubble is too large.

The variation of Cy4 and collision number for different particle
volume fractions is shown in Fig. 3, where C4 increases with time
and tends to a constant value after a certain time (Fig. 3a). The
increase in particle volume fraction increases the collision chance
between particles and thus increases collision number (Fig. 3b).
When the particle volume fraction becomes larger, the increase
of collision number makes the adhesion between particles easier,
so the stable value of Cy also tends to increase. Therefore, when
the number of collisions increases, the particle aggregates become
larger. However, when the particle volume fraction changed from
1.5% to 2%, the C4 only increased by 0.85% and the growth trend
became smaller. This is because the adhesion capacity of the parti-
cles is limited by the surface energy of the particles, and the parti-
cle aggregates stop growing when the particles reach the adhesion
limit. As we all know, nanoparticles have large specific surface area
and surface energy and are in a state of energy instability. There-
fore, particles always tend to aggregate with each other, making
the aggregate particle size larger, reducing the surface energy and
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Fig. 4. Changes of particle aggregation morphology at the total flow rate of 0.0125
pL/s, 0.025 pL/s and 0.0375 pL/s with the two-phase flow rate ratio of 1:1, and par-
ticle volume fractions of 1%.

making the energy stable [34]. When the energy is stabilized, it is
difficult to produce adhesion behavior even if the particles collide
with each other again. Hence, when the particle volume fraction
is small, the aggregate size is dominated by the collision number.
However, at larger particle volume fractions, the particle adhesion
ability determines the final aggregate size.

The increase in the total flow rate intensifies the circulation
within the slug and the velocity gradient becomes larger. Fig.
4 shows the changes in morphology and size of nanoparticles
at different total flow rates. When the total flow rate gradually
increases, the nanoparticle aggregates change from chained ag-
gregates to columnar aggregates and finally tend to be spherical
aggregates. Figs. 5a and b show the variation of C; and collision
number for different total flow rates. The increase in the total flow
rate intensifies the recirculation in the flow field and increases
the collisions between the particles. Furthermore, the increase
in the number of collisions induces adhesion between particles
and larger aggregate size, which is verified in the two sets of
simulations at 0.0125 pL/s and 0.025 pL/s. However, the final
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stable C; becomes smaller in the simulation with the total flow
rate of 0.0375 plL/s. Before 0.02s, the Cy increases rapidly as the
inter-particle collisions become more frequent. But, after 0.02s the
Cq in the total flow rate of 0.0375 pL/s is gradually smaller than
that in the total flow rate of 0.025 pL/s. As shown in Figs. 5¢ and
d, increasing the total flow rate also produces a larger velocity gra-
dient, which leads to an increase in the drag force (tangential force
Ft) and shear lift (normal force Fn) on the particles. The velocity
gradient in the flow field causes unequal forces on both sides of
the particle aggregates and generates the shear force. Moreover,
as the nanoparticle aggregates gradually become larger, the shear
force also becomes larger. When the shear force is greater than the
adhesion force between the two particles, the shear effect occurs,
and the aggregates will be sheared. It explains why the Cy in the
total flow rate of 0.0375 pL/s is smaller after 0.02 s than in the to-
tal flow rate of 0.025 pL/s. Therefore, the final stable C; decreases
under shear even though the total flow rate becomes larger with
an increase in the number of collisions. When the total flow rate
is small, there is no shear effect, and the particle aggregate size
is dominated by interparticle adhesion. Whereas, when the total
flow rate is larger, the shear effect is generated. The interparticle
adhesion and the shear effect compete with each other and to-
gether affect the particle aggregate size. Besides, the shear effect
also affects the aggregate morphology. Under the shear effect, the
columnar aggregates are sheared into irregularly shaped pieces.
As the long axis ends of the fragments are subjected to greater
shear forces relative to the short axis ends, the particles adhering
to the long axis ends are stripped off and the long axis length
will gradually approach the short axis. Therefore, the particle
aggregates gradually tend to be spherical with the shear effect.
With the total flow unchanged and the gas-liquid two-phase
flow ratio decreases from 3:1 to 1:2, the gas phase flow rate
gradually becomes smaller and the liquid phase flow rate in-
creases. As shown in Fig. 6, the number of collisions between
particles becomes larger (Fig. 6b) and the Fr and Fn imposed on
the particles increase (Figs. 6¢c and d). However, the final stable
C4 is not monotonically varying (Fig. 6a). When the two-phase
flow ratio decreases from 3:1 to 2:1, as the number of collisions
increases, the adhesion between particles becomes easier and
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Fig. 5. Changes of the average coordination number (a), collision number (b), normal force (c) and tangential force (d) of particles at different total flow rates.
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Fig. 6. Effect of gas-liquid ratio on particle morphology and coordination number: (a-d) Changes in the average coordination number, collision number, normal force, and
tangential force of particles when the two-phase flow ratios are 3:1, 2:1, 1:1, and 1:2, the total flow rate is kept constant at 0.025 pL/s, and particle volume fractions of 1%.
(e) Changes in the normal force when the two-phase flow ratio is changed from 1:1.5 to 1:1 and the liquid phase flow rate is kept constant at 0.0125 pL/s.

the aggregates become larger. However, when the two-phase
flow ratio continues to decrease to 1:2, the aggregates become
gradually smaller. Based on the above conclusions, the aggregation
size is influenced by the coupling of collision frequency and shear
effects. When the gas-liquid flow rate ratio is greater than or equal
to 2:1, although the number of collisions is relatively small, the
shear force on the aggregates is still smaller than the adhesion
force between the particles, so there is no shear effect. Therefore,
the aggregate size is only affected by the collision frequency at
this point. Nevertheless, when the gas-liquid two-phase flow rate
ratio is less than or equal to 1:1, a shear effect occurs. Although
the collision number is greater than the former, it is difficult
to produce adhesion between particles due to the shear effect,
resulting in the reduction of aggregate size. Under the shear effect,
even an increase in the number of interparticle collisions does not
make the aggregates larger. Therefore, when interparticle adhesion
and shear effect compete with each other, the shear effect actually
dominates the effect on aggregate size.

When the gas-liquid flow ratio increases, the liquid-phase flow
rate decreases, and the shear effect on the particles also decreases.
Therefore, we assume that the particle shear effect is only affected
by the liquid phase flow rate. To verify this assumption, a set of
comparison experiments were simulated, which kept the liquid
phase flow rate constant and only varied the gas phase flow rate.
Fig. 6e shows the variation of Fr and Fn on the particles when the
liquid phase flow rate is kept constant at 0.0125 pL/s and the gas
phase flow rate is reduced from 0.01875 pL/s to 0.0125 pL/s. The
results show that the magnitudes of Fr and Fn subjected to the
particles basically match, which indicates that the shear effect on
the particles is only related to the liquid phase flow rate. While
high liquid phase flow rates produce high shear effects, they also
increase the length of the slug, which leads to unequal retention
time distribution. Therefore, it is necessary to optimize the gas-
liquid phase flow rate ratio so that the particle aggregation size
and polydispersity are reduced.

In this numerical simulation for the study of particle aggre-
gation in gas-liquid two-phase flow, the interparticle interaction

forces, interparticle adhesion, and hydrodynamics are considered.
The flow field is controlled by the N-S equation, the inter-particle
collision and adhesion are described based on the JKR model, and
the flow field is coupled with the particle dispersion phase. The
effects of particle collision number and shear effects on particle
aggregation and aggregate morphology were investigated by vary-
ing the particle volume fraction, total flow rate and gas-liquid two-
phase flow ratio.

As a result, when the particle volume fraction becomes larger,
the number of inter-particle collisions also increases, making it
easy for adhesion to occur between particles. Besides, increasing
the total flow rate or decreasing the gas-liquid two-phase flow rate
ratio is accompanied by increasing the collision number and shear
force. The shear effect is generated when the shear force is greater
than the interparticle adhesion force. Furthermore, although the
particles collide with each other, inter-particle adhesion is also less
likely to occur when shear effects occur, and particle aggregates
stop growing.
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