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ABSTRACT: In this study, a new microfluidic chip that generates
microscale emulsion droplets to confine α-lactose monohydrate
crystal (α-LM) solutions in the microdroplets was used to prepare
uniform-sized crystals. In situ observations for α-LM growth were
performed by using a dual-camera structured light system
consisting of two cameras fixed at different angles, achieving a
satisfactory three-dimensional (3D) shape reconstruction. After 3D
shape reconstruction from image processing, the 3D axial size,
crystal surface area, and volume of α-LM in the microdroplets were
measured at different time intervals. By fitting these data, we could
quantitatively estimate 3D axial growth rates, real-time concen-
tration, and supersaturation (σ) of α-LM. The experimental results show that the growth rate of α-LM from aqueous solution is the
fastest in the nucleated 100−150 min after nucleation, and the particle volume of α-LM is about 7.08 × 10−6 cm3 at σ = 1.5. The
fitted polynomial coefficients show that the growth processes of α-LM in the microdroplets are mainly between second-order growth
and fourth-order growth. The nucleation and growth mechanisms of α-LM in microdroplets are also clarified. In general, the real-
time monitoring of α-LM growth in the microdroplets could avoid interference and damage to the crystals from various impurities
and external forces, maintaining the characteristics of the natural growth of the crystals. The results demonstrate the applicability of
the proposed method by correctly predicting the experimental morphologies of α-LM grown from the solutions.

1. INTRODUCTION
Solution crystallization is an ideal strategy for separating
different components from solutions and purifying particle
products in the food industry. Lactose (4-O-β-D-galactopyr-
anosyl-D-glucopyranose, C12H22O11) is a milk disaccharide,
which is composed of D-galactose and D-glucose linked by a β-
1,4 glycosidic linkage. It is mainly produced from whey
solutions, and it has been extensively applied in the food and
pharmaceutical industries due to its low caloric value, glycemic
response, and sweetness.1−3 Lactose is usually present in the
two isomeric forms in solution, α-lactose and β-lactose,
through the mutarotation reaction. α-LM can be recovered
from a supersaturated solution by controlling the crystallization
kinetics, which is a key factor in affecting the morphology of
crystals. Hayashi et al.4 reported growth rates of NaCl whiskers
in an aqueous solution in 1974. Kurihara et al.5 measured the
normal growth rates of protein crystals with surface super-
saturation by considering concentration distribution around
growing crystals using a two-beam interferometer, implying
that the growth was regulated by two-dimensional nucleation.
However, the process is influenced by external conditions,
including organic acids, salts, and other substances. They can
form different morphologies, such as needle-like, rod-shaped,
and tomahawk-shaped crystal sizes.6−8 Dombrowski et al.9

developed a microfluidic process to produce α-LM by
confining the crystals in droplets through a T-type microfluidic

chip, and the crystals with narrower crystal size distribution
(CSD) were observed with the coefficient of change of crystal
size as low as 7%. Parimaladevi et al.10 reported a novel swift
cooling crystallization process to produce α-LM in a shorter
induction period, and the interfacial energy played an
important role in producing crystals with a regular shape,
low defect density, and neat internal arrangement. Dincer et
al.11 measured the growth rates and growth rate dispersion
(GRD) of four different faces of α-LM in the temperature
range of 30−50 °C and in the relative supersaturation σ range
of 0.55−2.33 in aqueous solutions, where σ is the difference
between the actual concentration and the saturation
concentration.12 However, these methods could not in situ
monitor the crystallization process to effectively control the
size and shape of α-LM. In order to optimize the crystallization
process, online analytical technologies (PATs) have been used
to evaluate the morphology, growth rate, and product quality
of the crystals.13−15 Currently, online and real-time character-
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ization of crystal size and shape is mostly focused-beam
reflectance measurement (FBRM) based on laser light
backscattering and measures particle cord length distribution
(CLD). CLD is a method for measuring and analyzing particle
size distribution,16−18 but there exists a large error if the
morphology of the crystal is far away from the spherical shape.
To overcome these issues, microscopy imaging has been used
to measure the particle shape. However, there is a significant
error between the size and shape of the crystals measured and
the actual size and shape using 2D images, which is due to the
continuous rotation and movement of the crystals in the
crystallization process.19,20 Zhang et al.21 proposed a 2D
imaging technique to assess the estimated needle-like and rod-
shaped crystal size, and the predicted values were reduced by
approximately 67% compared to the actual sizes. To measure
the shape and size of the crystals more precisely, Jin et al.22

applied a 3D face reconstruction framework to replace the
traditional 2D images, which was performed by a stereo camera
model using two cameras fixed at the optimal angle and
synchronously taking images. The images of objects seen by
the left and right eyes are slightly different, but the brain can
combine the left and right images to calculate the real 3D
images.

Recently, microfluidic technology has received considerable
attention due to its obvious advantages, such as low sample
reagent consumption, low mass production costs, short
analysis time, high dimensional accuracy, and high sensitivity
detection.23−25 It is widely used in the food, pharmaceutical,
and cosmetics industries, especially microfluidics have been
used to prepare solid particles, core−shell microcapsules, and
multichamber microcapsules.26−28 However, the application of
microfluidic technology for controlling crystal nucleation and
growth, as well as monitoring the crystal crystallization process,
combining an in situ imaging system, has been rarely reported.

The aim of the present work is to design and synthesize an
efficient and confocal microfluidic device for the preparation of
α-LM droplets. The crystallization conditions to control the
crystallization of α-LM in the microcapsules were optimized,
and the nucleation−growth kinetic equations under con-
strained conditions were investigated in detail.

2. MATERIALS AND METHODS
2.1. Materials. α-LM (purity, ≥ 99%) was purchased from

Sigma-Aldrich (St. Louis, MO, USA). Kerosene was obtained
from the Damao Chemical Reagent Factory (Tianjin, China).
Deionized (DI) water was obtained with a Milli-Q water
system (Resistivity: 18.3 MΩ·cm) and used to prepare the
sample solutions. All chemicals were of analytical grade and
used as received without further purification.
2.2. Design and Fabrication of a Microchannel Chip.

3D software modeling was used to complete component
assembly and integration based on bottom-up design ideas.
The schematic diagram of the as-prepared microchannel chip is
shown in Figure 1a. The continuous and dispersed phases are
fed through the threaded external Luer straight-through
connector of the chip and inner diameter of the silicone
hose (1.0 mm), and then the generated droplets are collected
into the beaker through the external hose. The designed chip
structure and size are shown in Figure 1b, and poly(methyl
methacrylate) (PMMA) is used as the base material. After
plane treatment, the processed PMMA with symmetrical
channels was further bonded and encapsulated with the help of
a computer numerical control (CNC) milling machine, which
was used to prepare water/oil (W/O) droplets.
2.3. Preparation of W/O and α-LM Droplets. Based on

the fabrication of the microfluidic chips and the flow
characteristics of W/O droplets, the nucleation zone of α-
LM in aqueous solution was measured according to the

Figure 1. Schematic diagram of the preparation of W/O droplets (a) and structure and size of the microfluidic chip (b).
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previous refs 29,30. The solubility of α-LM in water at 60 and
25 °C was determined to be 58.87 g/100 g (wα‑LM = 37.06%)
and 22.03 g/100 g (wα‑LM = 22.03%), respectively.

In this study, the two-phase system is mostly made up of
kerosene and water. DI water was used as the dispersion phase,
and kerosene was selected as the continuous phase. A high-
speed camera was used to observe and record the droplet
formation process and flow in the microchannel chip. Then,
the W/O droplets were prepared by exchanging the interface
between the dispersed phase and the continuous phase in the
device (Figure 1a). α-LM droplets were also prepared
according to the previous method,29 with minor modifications.
Typically, 58.87 g of α-LM was dissolved in 100 mL of DI
water at 60 °C and filtered through a 0.45 μm PTFE syringe
filter to obtain a saturated aqueous solution, which was used as
a dispersion phase (flow rate: 1 mL/h) and injected into the
custom-made chip. Then, kerosene was used as the continuous
phase (flow rate: 60 mL/h). Under the shear action of
kerosene, some stable and uniform sized α-LM droplets
(diameter of about 550 μm) were generated, flowed into a
jacketed beaker through silicone tubes (diameter of about
1000 μm), and mixed with 50 mL of kerosene at different
constant temperatures. By rotating the bracket and adjusting
the angle of the light source and camera, both lenses were
simultaneously focused on the same droplet, and the
nucleation and growth of α-LM in the beaker were observed
constantly, performing a series of experiments as summarized
in the Supporting Information (Figure S1). We performed a
comprehensive inspection and calibration to the microscope
equipment and further optimized the shooting parameters,
such as the aperture, shutter speed, sensitivity, etc., to ensure
that a clear image was acquired every time. In addition, we
combined the autofocus function with manual fine-tuning to
confirm the focus position multiple times, preventing photos
from being out-of-focus. To ensure the reliability of in situ
observation, it is necessary to control the number of α-LM
molecules in the droplets. In this study, by adjusting the flow
rate of the internal and external phases, the number of crystals
can be controlled in the droplets, which is used to observe the
nucleation and growth of α-LM.

In the present study, 3D shape reconstruction was applied to
replace the traditional 2D imaging with two cameras fixed at
the best angle and shooting images synchronously, and the 3D
reconstruction of the crystal shape was carried out as shown in
the Supporting Information (Figure S2). The imaging steps for
reconstructing the 3D shape of the crystals mainly included
inflection point detection, feature extraction, image processing,
matching constraints, coordinate transformation, crystal
rotation, 3D shape reconstruction, and stereoimmunization
of two sets of photos, all of which were used to estimate and
calculate the crystal face growth, achieving the crystal growth
dynamics.
2.4. Stereoscopic Imaging Camera Model. Stereoscopic

imaging is similar to the 3D vision of the human eye. The two
eyes are about 7 cm apart. The images of the objects seen by
the left and right eyes are slightly different, but the brain
combines the left and right images to calculate the real 3D
image. In the present study, two synchronous cameras
arranged at the best angles are used to capture 2D images
containing 3D information on α-LM crystals. The most
common camera model used for 3D reconstruction is the
pinhole-camera model (PM). Before describing the camera
model of stereo imaging, PM was introduced as,

The point with coordinate X = (X, Y, Z)T in 3D space is
mapped to the point X with coordinate ( f X/Z, f Y/Z, f)T on a
2D plane. When the points from the object and the image are
represented by a homogeneous vector, the above projection
can be roughly expressed as a matrix multiplication between
their homogeneous coordinates and the linear mapping
associated with these two sets of coordinates, which can be
determined as eq 1,
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However, the relationship between the points in 3D space and
the corresponding points on the image may be much more
complex than the above linear mapping, and the camera model
can be defined as eq 2,
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In eq 2, the matrix P is called the calibration matrix of the
camera, including the internal and external parameters of the
camera. The 2D projection can be obtained by projecting the
3D polyhedron shape onto the plane and ensuring that the
origin of the image coordinate system is the principal point so
that the object coordinate system is the same as the camera
coordinate system, ignoring the distortion of the camera lens.
eq 2 can be used directly as a camera model because it affects
only the size of the transformed image, not its shape. In this
work, all of the spatial coordinates are first converted to the
Cartesian coordinate system, which can be calculated by
rotating the crystal.
2.5. 3D Shape of a Digital Crystal. The 3D shape of a

crystal consists of faces, edges, and vertices. Two faces intersect
to produce edges, and three or more faces intersect to produce
vertices. In the study, we studied the three-dimensional size
evolution of α-LM crystals and focused on the contour
vertices. When all of the vertex coordinates (V matrix) were
obtained, the shape of the crystal was known. The coordinate
matrix of the vertices in the crystal space can be expressed as
eq 3,

V N H1= (3)

In eq 3, V is a 3 × 1 spatial coordinate vector, and N is an n
× 3 matrix with n plane normal. The unit normal n of the plane
can be calculated from the crystal axis and Miller index of the
crystal system, and H is an n × 1 matrix including the normal
distance of each plane.

When all the spatial coordinates are converted to the
Cartesian coordinate system, rotating the 3D crystal in the
camera model is the same as rotating the reference frame along
the Euler angles δ, θ, and φ. The vertex (Pi matrix) of the
crystal projection on the corresponding 2D plane can be
obtained by multiplying the vertex coordinate matrix V with
the camera calibration matrix P, as shown in eqs 4 and 5),

P P Vi = × (4)
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To ensure that the rotating crystal contains as many
directions as possible and the probability is equal, the values of
δ, θ, and φ satisfy the inequality 6, and can be selected
randomly as eq 6,

0 2 ; 0 2 ; arcsin( ), 1 1< < = <
(6)

To better match the projected image in the database and the
in situ growth image captured by the camera, the camera
model is used to generate two databases for two virtual
cameras. When the grains are observed from the Z axis of the
rotation coordinates and the two databases have the same δ
and φ, the difference of the rotation angle between the two
databases comes from θ. In addition, the related properties of
the projection need to be calculated according to the vertices
of the crystal, such as area An and centroid coordinates (Xc,
Yc), which can be calculated by using the coordinates and
formulas of nj vertices in the crystal profile 7 and 9,
respectively, because the adjacent vertices are connected to
form the boundary of the crystal projection.
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3. RESULTS AND DISCUSSION
3.1. Effect of the Internal Phase Fluid Flow Rate on

W/O Droplets. When the external phase flow rate is set at
Qout = 10 mL/h and the internal phase flow rate (Qin) rises
from 1 to 20 mL/h, the diameter of the generated droplets
increases gradually with decreasing shear force exerted by the

continuous phase to dispersed phase. When Qin > 6 mL/h, the
diameter of the droplet is larger than that of the tube,
generating rod-shaped droplets due to the limited tube space.
In addition, the droplets may transform from a trickle break at
low internal phase flow rates to jet flow fracture at high internal
phase flow rates with the increase of Qin (Figure S3,
Supporting Information). The growth conditions for enhanced
crystallization of microdroplets are (a) in the early stage of
droplet formation, the vortices generated inside the droplet can
significantly improve its mass transfer performance, and the
mass transfer coefficient is 10−100 times quicker than that of
the droplet movement stage, which was possibly caused by the
flow pattern within the droplet during the formation stage; (b)
microdroplets have a large specific surface area, which
increases the interfacial area, improves the nonuniformity of
multiphase mixing, and significantly enhances mass transfer
efficiency.
3.2. Effect of the External Phase Flow Rate on W/O

Droplets. When the internal phase flow rate is set at Qin = 1
mL/h and the external phase flow rate (Qout) increases from 2
to 50 mL/h, the diameter of the generated droplets decreases
significantly with increasing the shear force exerted by the
continuous phase fluid to dispersed phase fluid. The droplet
changes from the extrusion fracture at low external phase
velocity to the trickle fracture at high external phase velocity
with the increase of Qout (Figure S4, Supporting Information).
Under the extrusion mechanism, the size of the droplet is
larger than that of the channel, which is deformed into a flat
shape in the channel.
3.3. Approximate Treatment of Crystal Morphology.

The morphology of the α-LM obtained in this study is similar
to the previous result,29 which is just a trimmed version of the
tomahawk shape, as shown in Figure 2a. And the
corresponding crystal plane index is shown in Figure 2b,
which has a curved surface at the top. The previous results
show that the crystal plane (010) of α-LM is a trapezoid
(Figure 2c).24,31 For the convenience of 3D reconstruction and
data processing, the crystal plane (01̅0) is approximated as a
trapezoid with the same shape as the crystal plane (010). The
approximate prism shape is very close to the original crystal
size, which significantly reduces the impact of data processing
to a minimum (Figure 2d), and X represents the coordinate
origin of the reconstructed 3D crystal (0, 0, 0).

The growth of α-LM can be considered to occur layer by
layer, so the molecules in the solution must be desolvated and
adsorbed on the crystal surface to form each layer.32 The

Figure 2. Morphology of α-LM: formation in microdroplets (a), schematic diagram of Miller index with a curved surface at the top (b), SEM image
of α-LM in the previous ref 31 (c), and the shape of the prism obtained by approximate treatment with a plane at the top (d).
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empirical eq 10 is often used to describe the crystal growth rate
in the actual process.33

G k n= (10)

In the equation, G is the crystal growth rate, k is the growth
rate constant, σ represents supersaturation, and n is the growth
order.
3.4. Calculation of Real-Time Supersaturation in

Microdroplets. The spatial coordinate system and crystal-
related dimensions required in the calculation process of the
3D reconstruction of α-LM are shown in Figure 3. The size
change of crystal prism a represents the growth of α-LM in the
axis of a. The growth of α-LM in the b-axis direction (h = f ×
sin80°) means the change of the bevel height h, and the growth
of α-LM in the c-axis direction is the change of trapezoidal
height (010) trapezoidal height (c × sin70°). In this study, the
growth trend of α-LM was expressed by the growth of crystal
plane areas and crystal volumes.

After image processing and 3D reconstruction, the crystal
edge size was determined and the growth trend of each
dimension of α-LM could be calculated. According to the
previous ref 34, the densities of α-LM aqueous solution (wα‑LM
= 37.06%) and α-LM crystal are 1.1668 and 1.54 g/cm3,
respectively. Combined with the changes in real-time
concentration (wα‑LM

real) and σ of α-LM, the growth kinetics
of α-LM could be obtained. In order to acquire clear
mathematical relations and mathematical constants, the
calculation process could be written as eqs 11−17, and
trapezoidal area S was (upper + bottom) × height/2.

The area of crystal plane (010), which is the area of the top
trapezoid, is calculated as eq 11,

S ac c( cos 70 ) sin 70(010)
2= + ° ° (11)

The area of crystal face (01̅0), that is, the area of the bottom
trapezoid, is calculated as eq 12,

S bd d( cos 70 ) sin 70(010)
2= + ° ° (12)

The area of crystal face (01̅1), that is, the area of the
intermediate trapezoid, is calculated as eq 13,

S a b f
1
2

( )( sin 80 )(011) = + °
(13)

The volume of the entire crystal, Vcrystal, is calculated by eq
14,

V
h

S S S S
3

( )crystal (010) (0 1 0) (010) (0 1 0)= + +
(14)

The volume of the inner cavity (sphere) of the micro-
droplets (inner diameter is D ≈ 567 μm), Vsphere is calculated
as eq 15,

V
D
6sphere

3
=

(15)

The real-time concentration of α-LM aqueous solution in
the droplets = (total mass of α-LM − mass of precipitated
crystals)/mass of water in the droplets, wα‑LM

real is calculated as
eq 16,

w
m m

m
V w V

V w(1 )

LM
real LM

all
LM

real

H O

sphere LM/H O LM crystal LM

sphere LM/H O LM

2

2

2

=

=
× × ×

× ×
(16)

Real-time supersaturation σ of α-LM aqueous solution in
droplets is calculated as eq 17,

w 0.2203
0.2203

LM
real

=
(17)

3.5. In Situ Growth and 3D Reconstruction of α-LM
Crystals. As shown in Figure 4, the in situ nucleation−growth
process of α-LM was recorded simultaneously from both
directions using dual cameras to study the kinetic process. The
field from the view of an industrial camera is a 3070 × 2460
μm true area calibrated by a 500 μm ruler. The image
acquisition software is the OPT Camera Demo provided by
Dongguan OPT, which was set to collect 1 picture with a
resolution of 1280 × 1024 pixels per minute. Image processing
software PIAE (Process Image Analysis Expert) mainly has
edge recognition, crystal segmentation, and other functions
based on MATLAB software. In order to reduce the amount of
calculation in the reconstruction process, one pair of photos
was selected every 14 min from more than 1100 pairs of
photos taken for data processing. The moving window
approach was used to calculate various growth rates. The
growth rates at moments 2 and 3 are (Lmoment 2 − Lmoment 1)/
time interval and (Lmoment 3 − Lmoment 2)/time interval,
respectively. L represents the crystal size at the corresponding
moment.

Figure 3. Crystal edge comparison in 3D reconstruction of α-LM. Schematic diagram (a); actual photo (b).
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After image processing and 3D reconstruction, the change of
axial growth dimensions of α-LM in the droplet against time t
is shown in Figure 5a. From Figure 5a, with increasing time t,
the growth of α-LM in the a and b axis directions increased
gradually and then slowed because σ of α-LM decreased the
growth driving force. The growth of α-LM in the c-axis
direction almost stagnated after about 150 min after nucleation
because the density of droplets was greater than that of

kerosene, which was not suspended in the dispersed phase.
Therefore, the α-LM grew close to the bottom of the beaker,
and supersaturation in the c-axis direction was rapidly
consumed after 150 min.

As shown in eqs 11-13), the key dimensions obtained from
3D reconstruction were used to calculate the areas of the (010)
crystal plane, (01̅0) crystal plane, and (01̅1) crystal plane at
different times t, respectively (Figure 5b). The results showed
that the area of the crystal plane increased with the increase of
the growth time t, but the growth of the crystal plane (01̅0)
almost stagnated after about 150 min. In addition, the crystal
plane (01̅0) was close to the edge of the droplets, and the
growth of α-LM was closer to the capsule wall. Therefore, the
mass transfer was not smooth, and the local supersaturation σ
of the solution tended to 0, affecting the continued growth of
the (01̅0) crystal face. According to eq 11, the volume of α-LM
at different t in the droplets was calculated with the area of the
(010) crystal plane, (01̅0) crystal plane, and (01̅1) crystal
plane, respectively. The real-time mass of α-LM could be
calculated by multiplying it with ρα‑LM. As shown in Figure 5c,
the volume and mass of α-LM precipitated from the solution
gradually increased, but the increase rate gradually decreased.
It is ascribed that the driving force of crystal growth was
weakened because σ of the α-LM aqueous solution in the
droplets was continuously consumed. After determining the
relationship between the size and time of α-LM growth, the
real-time concentration and real-time supersaturation σ of α-
LM solution in the droplets were calculated as eqs 16 and 17.
As shown in Figure 5d, with the increase of precipitation of α-
LM crystals, the concentration and σ of the solutions decreased
gradually, but the decrease of σ was about 4 times faster than
that of the concentration. The results demonstrated the
relationship between the growth rate of α-LM and σ against
growth time t, and studying the in situ growth kinetics of α-LM
is necessary.
3.6. Kinetics of 3D Axial Growth of α-LM. The

relationship between the axial growth rate of α-LM with t in
droplets and supersaturation is shown in Figure 6. It is obvious
that there is a significant monotonically decreasing nonlinear
relationship between the axial growth rate and crystal area
growth rate of α-LM crystal with the growth time t in droplets.
From Figure 6, the correlation coefficient R2, obtained from G
= ktn is 0.8369, which is lower than the R2, obtained from G =
kent, indicating that the latter is more suitable for describing the
relationship between α-LM crystal growth and time t in the
droplets. The unit cell is the basic repeating unit of the crystal
structure, and a, b, and c represent the axes of the unit cell in
three mutually perpendicular directions. Through experimental
measurement methods and data analysis, the growth rate of the
crystal along the a, b, and c axes during the crystal growth
process is determined. In this study, the growth rate along the
a-axis is fastest, and the growth rate along the b and c axes is
relatively slow, so the crystal would preferentially grow along
the a-axis to form a specific crystal shape.

The growth rate and time variation of α-LM on each axis
were fitted with Origin software. The red curve was the best
fitting light curve model, and the fitting results are shown in
Figure 6. The growth relationship and R2 are calculated as,
Size growth rate in the a-axis direction:

G R96.0196e , 0.8741a
t

axis
0.00722 2= = (18)

Figure 4. Growth process of α-LM taken by two cameras: L is left
camera, R is right camera, and the images of the same crystal at
different times (a−g, Red scale bar, 500 μm).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c10746
ACS Omega 2025, 10, 10493−10505

10498

https://pubs.acs.org/doi/10.1021/acsomega.4c10746?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10746?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10746?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10746?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c10746?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Size growth rate in the b-axis direction:

G R73.1382e , 0.8170b
t

axis
0.00299 2= = (19)

Size growth rate in the c-axis direction:

G R89.6688e , 0.9469c
t

axis
0.01545 2= = (20)

Based on the empirical equation (G = Kσn), where G is the
crystal growth rate, K is a constant related to factors like
temperature and surface properties of the crystal, and n is the
crystal growth order.35 When n = 1, first-order growth
indicates that the crystal growth process is mainly controlled
by solute diffusion and the growth rate against supersaturation
relation is almost linear, implying that the crystal growth rate is
determined by solute molecules diffuse from the solution to
the crystal surface. When n > 1, the growth rate is related to
the square or higher power of the supersaturation, indicating a
more complex growth process. The process may involve the
more complex stages, such as adsorption and aggregation of
solutes on the crystal surface.

The power exponential function is used to establish the
relationship between the axial growth rates of α-LM and σ.
The fitted curves are shown in Figure 6a−g. The
corresponding kinetic models and R2 are as follows,
Growth kinetic equation in the a-axis direction:

G R2.7757 , 0.8717a axis
6.5628 2= = (21)

Growth kinetic equation in the b-axis direction:

G R12.1972 , 0.7960b axis
3.4619 2= = (22)

Growth kinetic equation in the c-axis direction:

G R0.0158 , 0.9433c axis
16.3109 2= = (23)

Based on the fitting kinetic models, the growth process of α-
LM in the a-axis direction was between the sixth-order growth
and the seventh-order growth, the b-axis growth process was
between the third-order growth and the fourth-order growth,
and the c-axis growth process was greater than the tenth-order
growth, which is dependent on the solution supersaturation.
3.7. Kinetics of Crystal Plane Growth of α-LM. α-LM

exists in the form of hexahedral flake crystals at room
temperature. This crystal structure is maintained by hydrogen
bonds and van der Waals forces between its molecules. α-LM
molecules interact through hydrogen bonds to form a stable
lattice structure, in which each molecule is arranged in a
specific way with the surrounding molecules to minimize the
free energy of the system.36,37 After 3D image reconstruction
to determine the key size of α-LM, the area of all crystal planes
and their relationship with t and supersaturation could be
calculated theoretically. Taking the (010) plane, (01̅0) plane,
and (01̅1) plane of α-LM crystal as examples, the change of the
crystal plane area with time t is shown in Figure 5, and the

Figure 5. α-LM against t in droplet: Variation diagram of 3D axial growth length of α-LM with t (a). Variation diagram of area of α-LM face (010),
(01̅0) and (01̅1) with t (b). Variation diagram of α-LM volume and mass in microdroplet with t (c). Variation diagram of concentration and
supersaturation of α-LM in droplet with t (d).
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relationship between the growth rate and growth time t and σ
is shown in Figure 7.

The relationship between the growth rate and growth time
of the (010) plane, (01̅0) plane, and (01̅1) plane of α-LM was
determined by fitting and R2 areas, and the curves are shown in
Figure 7a−c:
Growth rate−time relationship of (010) crystal plane:

G R11363.4398e , 0.8670t
S

0.00608 2
(010)

= = (24)

Growth rate−time relationship of (01̅0) crystal plane:

G R5633.1423e , 0.7907t
S

0.00845 2
(010)

= = (25)

Growth rate−time relationship of (01̅1) crystal plane:

G R10511.1024e , 0.7467t
S

0.00188 2
(011)

= = (26)

Based on the empirical formula (G = Kσn), the models of σ of
the α-LM crystal (010), (01̅0), and (01̅1) and solution in the
droplets were established, respectively, and the fitted curves are
shown in Figure 7d−f:

Figure 6. 3D axial growth rate of the α-LM crystal with t (a−c) and supersaturation (d−f) in the droplet.
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Growth rate−σ relationship of (010) crystal plane:

G R445.5256 , 0.8934S
6.1153 2

(010)
= = (27)

Growth rate−σ relationship of (01̅0) crystal plane:

G R57.3127 , 0.8339S
8.6883 2

(010)
= = (28)

Growth rate−σ relationship of (01̅1) crystal plane:

G R3144.8259 , 0.6748S
2.3680 2

(011)
= = (29)

The series principle of crystal growth mainly involves the
relationship between the growth rate of α-LM and σ. The
overall growth pattern in this study is parabolic. Based on the

kinetic equation obtained by the fitting results, the growth
process of α-LM crystal plane (010) in the droplet was
between the sixth-order growth and the seventh-order growth,
as well as the crystal plane (01̅0). However, the growth process
of the crystal plane (01̅1) was between the secondary growth
and the tertiary growth, which was due to its consumption of
more σ. At low σ, the integration of particles into the surface is
a controlling step of crystal growth, forming smooth faces of
polyhedral crystals. Under the nonclassical crystal growth
framework, the crystal growth rate is not only related to the
addition of monomers, but also to the collision and
aggregation of other particles. This growth mode is more
significant at high σ. The results indicated that the crystal

Figure 7. Growth rate of α-LM crystal face (010), (01̅0), and (01̅1) with t (a−c) and σ (d−f) in the droplet.
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growth rate is proportional to the higher power of σ, implying
an exponential relationship, that is, a localized strengthening
effect.
3.8. Volume Growth Kinetics of the α-LM Crystal.

According to eq 14, the volume growth rates of α-LM in the
droplets and time t and supersaturation σ were calculated with
the area and edge size of (010) plane, (01̅0) plane, and (01̅1)
plane, and the results are shown in Figure 8. In the process of
solution crystallization, an increase in σ usually leads to faster
nucleation and growth rates, which is usually controlled by σ of
the solution. In addition, crystal growth is a dynamic process,
and the crystal volume gradually increases with increasing t. In
a certain range of σ, the growth rates could increase first and
then stabilize against t, and the solute concentration in the
solution gradually decreases, resulting in a decrease in σ. The
growth inhibition phenomenon that may occur during the
process of crystal growth would affect the change in growth
rate against t. There are two reasons. (1) Diffusion limitation:
at high supersaturation, the solute concentration gradient in
the solution increases, but the diffusion rate of the solute may
not be able to keep up with the demand for crystal growth. The
solute near the crystal surface is quickly consumed, while the
solute far away has no time to replenish, which limits the
further growth of the crystal and reduces the growth rate.38 (2)
Surface energy change: as the crystal grows, its surface area
continues to increase, and the surface energy also increases
accordingly. At high σ, the surface energy may reach a critical
value, making the crystal growth unstable and the growth rate
reduced.39

( )G

R

2.6033 10 8.94 10 e ,

0.8012

t
volume

7 7 0.5 158.358
94.5576

2

2

= × + ×

= (30)

G

R

7.08 10 7.13 10 1.96 10

2.33 10 1.28 10 2.65 10 ,

0.8727

volume
6 5 4 2

4 3 4 4 5 5

2

= × × + ×
× + × ×

= (31)

Determining the crystal growth rate from a volumetric
perspective can more comprehensively reflect the growth of
crystals in three-dimensional space. A single peak nonlinear
relationship was observed between the volume growth rate of
α-LM with t and solution σ in the microdroplets, and the
Guass-Amp model was used to fit the relationship, and the

results were shown in eq 30. The solution σ relationship was
fitted using a fifth order polynomial, and the result was shown
in eq 31. According to the volume growth dynamics model, it
can be inferred that the α-LM droplets saturated at 60 °C, and
then they are cooled to 25 °C. The growth rate of α-LM
crystals is the fastest within 100−150 min after nucleation, and
the corresponding solution supersaturation σ is about 1.5. The
3D observation of the morphology and the fitting results show
that the nucleus volume of α-LM is about 7.08 × 10−6 cm3.
The fitting polynomial coefficients also indicated that the
growth process of α-LM crystals in the microdroplets was
mainly between second-order growth and fourth-order growth
(Figure 9).
3.9. Physical and Chemical Significance of the α-LM

Crystal. Based on the above results, real-time monitoring of
the growth process of α-LM crystals in the microdroplets could
avoid interference and damage to the sample and reflect the
natural growth of the crystal more truly. In situ detection of the
crystal axis and crystal plane growth of α-LM in microdroplets
has important physical and chemical significance: (1) Under-
stand the crystal growth mechanism, reveal the nucleation and
growth laws of α-LM in a microdroplet environment, and
clarify the growth rate and method of the crystal axis and
crystal plane; (2) Optimize the crystallization process, regulate
the crystallization process to give key parameters, and optimize
crystallization conditions such as temperature, humidity, and
solution concentration accordingly. The growth characteristics
of α-LM can help in the prediction of the crystal trans-
formation of lactose in pharmaceutical preparations and ensure
the stability and dissolution of drugs. They can provide
references for studying the growth of other hydrate crystals or
similar systems.

4. CONCLUSIONS
This study introduced microfluidics into microdroplets to
produce uniform crystals. The saturated liquid was divided into
monodisperse droplets and further crystallized in a constant-
temperature-controlled crystallizer to observe the in situ
growth process of the crystal. It provides a new scientific
basis and method for the theoretical and applied research on
the controllability of crystal form and process intensification in
crystallization separation and has guiding significance for the
industrial production and application of lactose. The law of
continuous preparation of W/O type droplets by a self-
designed microfluidic chip was summarized, and the

Figure 8. Relationship between volume growth rate with t (a) and supersaturation (b) of the α-LM crystal in the droplets.
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morphology of α-LM under finite domain conditions was
reasonably approximated with a regular geometry (prism),
providing a method for calculating the real-time concentration
and supersaturation of α-LM solution in microdroplets. The
paired in situ growth images of α-LM were taken by dual
cameras, and the three-dimensional axial size, crystal area, and
volume of α-LM at different t were determined by 3D
reconstruction technology, and the kinetic equation of volume
growth rate was calculated in turn. The results show that the
growth process of α-LM in droplets is mainly between
secondary growth and quaternary growth, achieving the

application effect of confined domain enhanced crystal growth,
which has guiding significance for crystallization theory
research and lactose industrial production.
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