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Abstract: Protein crystallization is a widely employed technique for purifying protein drugs, offering
notable benefits such as cost-effectiveness and high purity. However, the success of this method is
influenced by factors such as the molecular weight and spatial structure of proteins. The challenges
associated with achieving crystallization and the prolonged duration required for crystallization
induction pose limitations on its widespread industrial implementation. In this study, we employed
lysozyme derived from egg white as a representative protein to investigate the polymer-assisted
self-assembly of magnetic lysozyme. Through the optimization of the initial interstitial crystallization
process of magnetic lysozyme, we manipulated the supersaturation level of lysozyme and applied
magnetic nanoparticle treatment. As a result, we successfully reduced the crystallization time from
24 h to 60 min. Subsequently, the findings derived from the analysis of data pertaining to the
interstitial crystallization process of lysozyme were utilized to optimize the design and configuration
of a push flow crystallizer (PFC) as well as a slug flow crystallizer (SFC). The analysis encompassed
the examination of various factors, including the residence time of crystallization, the yield of the
process, the shape of the crystals formed, and the distribution of crystal sizes. Ultimately, it was
determined that the SFC demonstrated optimal suitability for the crystallization of magnetic lysozyme.
The typical V-PFC crystal size is 16 m and the yield is 60%. V-SFC crystals have an average size of
13 m and a yield of 85%.
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1. Introduction

Protein-based pharmaceuticals in a crystalline state exhibit enhanced stability, pre-
dictable dissolution properties, higher concentration levels, and extended shelf life [1].
Crystallization techniques offer a more efficient and simplified means of purifying individ-
ual proteins from intricate extracts. Hence, it is plausible that crystallization techniques
may serve as a partial substitute for alternative purification methods, including chromatog-
raphy and precipitation [2–4]. Batch crystallization remains the predominant procedure in
industrial crystallization [5–7].

The current trend in medication manufacturing involves a shift from batch operation
to continuous operation. The primary objective of this initiative is to decrease production
expenses while simultaneously enhancing adaptability and quality [8]. Additionally, it
enhances the management of uncertainty, nonlinearity, temporal expansion, spatial distri-
bution, and the integration of continuous and discrete operations within the production
process [9]. When comparing batch crystallization with continuous crystallization, it
becomes evident that the latter method is more efficient in enhancing the particle size
distribution. This is particularly true when aiming to produce crystals with a narrower and
more precise crystal size distribution, as supported by previous studies [10–12].

The process of continuous stirring crystallization is a technique commonly employed
in the field of chemical engineering for the purpose of producing crystalline materials.
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The MSMPR crystallizer is a widely adopted and highly efficient technology in the indus-
try [13,14]. The MSMPR crystallizer typically employs a multi-stage classification process
characterized by a slow crystallization rate, making it well-suited for systems with extended
residence times [15–18]. Another technique that can be employed is the tubular crystallizer,
which is particularly advantageous due to its ability to provide quicker dynamics and
enhance temperature regulation. The continuous slug flow crystallizer is often employed
in tubular molds. In real scenarios, the phenomenon of supersaturation is typically more
pronounced in continuous crystallizer species compared to MSMPR crystalizer [19]. Dur-
ing the investigation of continuous slug flow tube crystallization, it was shown that slug
flow crystallization has the potential to achieve cost-effectiveness and high production
quality concurrently. Lysozyme seed induced crystallization in SFC crystallizers resulted in
greater crystal size distribution width and reproducibility than batch crystallizers due to
less random aggregation of tiny crystals generated. Due to the prevention of secondary
nucleation, large and well-defined tetramysozyme crystals are generated at low flow rates
below the minimum flow rate, whereas at high flow rates, the size of the lysozyme crystals
made by SFC drops and the yield declines. Although increasing the length of the tube can
boost yield, this may result in a lower yield. The crystallizer had no effect on the activity of
lysozyme crystals [20].

The segmented flow crystallizer is distinguished by its simple design, excellent mixing,
and high heat and mass transfer rates [10]. Furthermore, this process may generate larger
and more structurally intact crystals when subjected to low shear stress [21]. The normal
tube diameter of the slug flow crystallizer is generally smaller than 5 mm. Reduced
pipe diameters were seen to decrease the occurrence of ineffective mixing while promoting
enhanced heat and mass transfer. Each liquid unit within the tube exhibits identical physical
and chemical conditions, rendering it conducive for the crystallization of unstable proteins
that are prone to denaturation, such as insulin [22]. Nevertheless, tubular crystallizers
have a higher susceptibility to fouling, clogging, and precipitation issues, hence posing
significant challenges in terms of industrial implementation.

Previous research was conducted to examine the process of self-assembly in magnetic
lysozyme crystals [23,24]. Among the three polymers investigated, it was observed that
poly(aspartic acid) (PASP) exhibited a comparatively shorter induction time at lower
supersaturation ratios. Following PASP, chondroitin sodium sulfate (Cs-Na) had a moderate
induction time, while poly(succinimide) (PEI) necessitated the biggest supersaturation
ratios and exhibited the longest induction time.

Prior research indicated that when the ratio of the length of the liquid section to the
diameter of the tube approaches 1:1, there is an increase in particle yield and a decrease
in the size distribution of the resulting crystal product [25]. The impact of three distinct
materials on tube crystallizers: A study was conducted to investigate the impact of three
distinct materials, namely polyvinyl chloride, silicone rubber, and polytetrafluoroethylene,
on the process of nucleation. The reduction in crystal adherence to PTFE surfaces was
observed, leading to a potential decrease in tube crystallizer blockage [23]. In the meantime,
it is worth noting that PTFE tubes exhibit robust chemical stability, resistance to acids,
alkalis, and high temperatures, as well as a low friction coefficient. Consequently, these
tubes are considered very suitable for facilitating continuous crystallization processes.
The peristaltic pump head poses a challenge in retaining magnetic particles due to their
susceptibility to compression and subsequent loss within the tube. This ultimately leads
to the depletion of magnetic particles. Nevertheless, the inevitability of this occurrence
is attributed to the inherent traits of the peristaltic pump. This study focuses on the
optimization of the batch crystallization process of magnetic proteins, with the ultimate
goal of achieving a shift from intermittent to continuous crystallization. The National
Institutes of Health developed Image J, an image processing programme built on the Java
programming language, which is used to evaluate and analyze crystal size distributions
quantitatively [26]. By measuring at least 500 crystals in the microscope image and applying
an edge length fit for each crystal, a map of the crystals’ size distribution was created.
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2. Materials and Methods
2.1. Materials

The lysozyme food additive utilized in the experiment was procured from Yuan Ye
Biotechnology Co., Ltd. (Shanghai, China). It has a molecular weight of 14,300 and a
BR value of ≥20,000 u/mg. This particular lysozyme was obtained through a process
involving the extraction, evaporation, and drying of egg white. A 0.1 M solution of sodium
acetate buffer was made using sodium acetate (≥99.0%, Aladdin) and the pH was adjusted
to 4.6 using acetic acid (Jiuding Chemical, Tianjin, China). The pH was measured using a
DWB pH meter (MS-H-Pro+, FE28, Mettler Toledo, Shanghai, China). Solutions of NaCl
and lysozyme were prepared using buffer solutions and afterwards subjected to filtration
using a 0.22 µm syringe filter.

2.2. Methods
2.2.1. Preparation of PASP-Modified Fe3O4 Nanoparticles

Su [24] successfully acquired magnetic nanoparticles. Magnetic Fe3O4 nanoparticles
were combined with an excess of poly(aspartic acid-co-lysine) (PASP) at a mass ratio of
8:3 and introduced into distilled water for homogenization. The ultrasonic cell disruptor
(SCIENTZ-IID, Xinzhi Biotechnology, Ningbo, China) was utilized at a power level of
150 watts. The system underwent sonication for a duration of 30 min to ensure thorough
mixing, followed by continuous stirring for a period of 12 h. The magnetic nanoparticles
that underwent modification were subjected to magnetic separation and afterwards rinsed
four times with distilled water in order to eliminate any residual free PASP. A portion
of the samples was employed immediately for the purpose of lysozyme crystallization
subsequent to ultrasonic dispersion. The remaining substance was subjected to drying and
ultrasonication prior to its utilization in the process of crystallization.

2.2.2. Screening of Batch Crystallization Conditions

The lysozyme solution exhibited a concentration of 30 mg/mL, whereas the sodium
chloride solution possessed a concentration of 5.84% (v/v). The equation representing the
degree of supersaturation of the solution is denoted as Equation (1), whereas the equation
used to compute the crystallization efficiency is denoted as Equation (2), as presented in
Table 1. The solubility values for lysozyme were acquired from the investigations conducted
by Nobuko (25) and Skzaki (26). The experimental methodology involved a step-by-step
process of introducing the precipitant sodium chloride, magnetic particles, and protein
solution into the mold. The mixture was then subjected to crystallization with stirring
using an OS20/40-S Mettler Toledo instrument operating at a speed of 120 revolutions per
minute. The parameterω, representing the ratio of the mass of magnetic particles to the
mass of lysozyme, was determined to be 15%. The quantity of lysozyme was determined
using a UV spectrophotometer (UV2700, Shimadzu, Shanghai, China), while the crystal
shape was analyzed using an optical microscope (IX83, Olympus, Tokyo, Japan) and a field
emission scanning electron microscope (Quanta 450 FEG, FEI, Shanghai, China).

S =
C
C∗ (1)

Yield =
C − Ci

C
× 100% (2)

The variable C represents the beginning concentration of the lysozyme solution. C∗

denotes the solubility of lysozyme under specific conditions, namely at a temperature of
20 ◦C, pH of 4.6, and a certain NaCl content. Ci refers to the standard curve of lysozyme,
which is utilized to determine the actual concentration.
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Table 1. Crystallization time of lysozyme crystals at different supersaturation.

NaCl (%) Lysozyme (mg/mL) S T/min Yield (%)

5.84 18.75 10.31 360 57.13 ± 1.13
5.84 25.00 13.74 40 74.20 ± 1.41
5.84 30.00 16.48 60 79.86 ± 2.03
5.00 30.00 15.31 90 58.62 ± 3.49
4.00 30.00 9.81 180 35.61 ± 2.82

2.2.3. Selection of Continuous Crystallizer

The stability of the solution flow pattern in the pipeline is mostly influenced by the
rate at which air and liquid move. The flow rate parameters necessary for achieving
stabilization of the droplet size distribution were investigated in this study, with water
serving as the liquid phase and air as the gas phase. The investigation focused on evaluating
the stability of the droplet flow within the central region of the pipe using quantitative
weighing. Subsequently, an optimal flow rate was determined. Upon the formation of
stable droplets within the pipe, a total of 20 droplets were collected at the output of the
pipe. The collector was subjected to pre- and post-collection weighing procedures, wherein
the weight of the collected droplets was determined. Subsequently, the relative standard
deviation (RSD) was computed.

qvL1 = 1.8357nL1 − 0.0679R2 = 0.9999 (3)

qvL2 = 1.8369nL2 + 0.1912R2 = 0.9993 (4)

qvG = 2.9681nG − 0.3369R2 = 0.9993 (5)

qvL = qvL1 + qvL2 (6)

The variables qvG, qvL and nG, nL represent the volumetric flow rate and rotational
speed of the air–liquid peristaltic pump, measured in milliliters per minute (mL/min) and
revolutions per minute (rpm), respectively.

RSD =
S
x
× 100% =

√
∑10

i=1(xi−x)2

n−1

x
× 100% (7)

In this context, the variable n represents the number of samples, s is the standard
deviation, and x signifies the mean of the samples.

2.2.4. Push Flow Crystallization (PFC)

Magnetic particles, comprising 15% of the total mass of lysozyme, are introduced into
the sodium chloride solution and subsequently agitated through stirring. The lysozyme
concentration in the solution is 30 milligrams per milliliter, whereas the sodium chloride
content is 5.84 percent by weight per volume. The flow rate within the tube crystallizer
can be determined by adding together the individual flow rates of the lysozyme solution
and the NaCl solution. The lysozyme and sodium chloride solutions are combined by
using of Y-type tee and afterwards introduced into the tube. Experiments were conducted
to investigate the horizontal and vertical location of the tube crystallizer, as depicted
in Figure 1.
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2.2.5. Slug Flow Crystallization (SFC)

Magnetic particles, comprising 15% of the total mass of lysozyme, are introduced into
the sodium chloride solution and through stirring. The lysozyme concentration in the
solution is 30 milligrams per milliliter, whereas the sodium chloride content is 5.84 percent
by weight per volume. The flow rate within the tube crystallizer can be determined by
adding together the individual flow rates of the lysozyme solution and the NaCl solution.
The lysozyme and sodium chloride solutions are combined by using of a Y-type tee and
afterwards introduced into the tube. Add a peristaltic pump after the Y-junction to force air
into the conduit. Experiments were conducted to investigate the horizontal and vertical
location of the tube crystallizer, as depicted in Figure 1.

εL =
qvL
qvG

(8)

The variables qvL and qvG represent the respective flow rates of the liquid phase and
the gas phase.

3. Results
3.1. Characterization of PASP-Modified Fe3O4 Nanoparticles

The experiment employed magnetic Fe3O4 nanoparticles with a size ranging from
100 to 200 nm. The scanning electron microscopy (SEM) picture of Fe3O4 nanoparticles is
depicted in Figure 2a. PASP exhibits solubility in aqueous solutions. Upon completion of
the modification, the unbound polyacrylamide sodium polyphosphate (PASP) present in
the water will undergo a comprehensive cleansing procedure to ensure its full removal. The
findings are presented in Figure 2b, which illustrates a comparison of the infrared spectra
(V80, AXS, Karlsruhe, German) of Fe3O4, PASP, and PASP @ Fe3O4. Both PASP and PASP
@ Fe3O4 exhibit a large absorption band corresponding to the O-H stretching vibration,
observed at around 3329 cm−1. The absorption peak observed at 1645 cm−1 corresponds to
the stretching vibration of the C=O bond, while the absorption peak observed at 3075 cm−1

corresponds to the stretching vibration of the O-H bond. The presence of a distinct peak
at 1400 cm−1 in the C-N stretching vibration spectrum provides evidence for the effective
alteration of Fe3O4 via PASP. The absorption peak seen at around 574 cm−1 corresponds
to the stretching vibration characteristic absorption peak of the Fe-O bond in the metal
tetrahedron structure. This peak provides evidence for the presence of Fe3O4 in the
magnetic particles.
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3.2. Screening of Intermittent Crystallization Conditions

The batch crystallization process at a concentration of 18.75 mg/mL of lysozyme and
5.84% (w/v) of NaCl is depicted in Figure 3. Lysozyme crystals were not observed using a
biomicroscope (IX83, Olympus, Tokyo, Japan) until around 5.5–6 h after the initiation of
crystallization. Furthermore, once formed, the crystals remained unchanged for a period
of 24 h. The crystallization procedure was conducted using a sodium chloride (NaCl)
concentration of 5.84% (w/v).
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Figure 3. The microscopic images of lysozyme crystals, 18.75 mg/mL lysozyme, 5.84% NaCl. (a) After
one hour of the initiation of crystallization; (b) following a six-hour period of crystallization; and
(c) following a twenty-four-hour period of crystallization.

To expedite the process of crystallization and enhance the overall output, we conducted
an additional sets of trials utilizing varying doses. Figure 4d illustrates the variation in
concentration of the lysozyme solution. Upon reaching equilibrium, the concentration
remained nearly constant. At this point, the supersaturation of lysozyme was depleted,
indicating the cessation of crystallization. Additionally, we performed tests with lysozyme
concentrations higher than 30 mg/mL and NaCl concentrations greater than or equivalent
to 6%. Although the nucleation rate is excessively high under these circumstances, tubular
crystallization is not encouraged. Figure S1 depicts microscopic pictures of magnetic
lysozyme crystals obtained at various levels of supersaturation. The crystallization yield
was determined by calculating the concentration at this stage, and the corresponding results
are presented in Table 1. In order to optimize the crystallization process, we made a decision
to prioritize a larger yield and a comparatively shorter residence time. Consequently, we
established the concentration of lysozyme at 30 mg/mL and the NaCl content at 5.84%
(w/v) as the standardized parameters for all subsequent experimental procedures.



Processes 2023, 11, 2644 7 of 14Processes 2023, 11, x FOR PEER REVIEW 7 of 14 
 

 

  
(a) (b) 

  

(c) (d) 

Figure 4. The microscopic images of lysozyme crystals, 30mg/mL lysozyme, 5.84% NaCl. (a) 20 
min after crystallization begins; (b) 40 min of crystallization; (c) 60 min of crystallization; and (d) 
changes in the concentration of lysozyme solution at different degrees of supersaturation. Each 
experiment was repeated three times with similar results. 

The conducted crystallization studies involving batches supplemented with 
magnetic particles exhibited the presence of both tetragonal and rhombic crystal 
structures. The presence of magnetic particles facilitates the self-assembly process of 
lysozyme crystals, aligning with the theoretical framework described in the existing 
literature [24]. The particles that exhibit magnetic properties, known as magnetic 
particles, are characterized by their paramagnetic nature. These particles function as 
magnetic nuclei both within the interior and on the surface of lysozyme crystals. 
Consequently, they have a discernible impact on the anisotropy of the magnetic 
induction strength of these crystals. In certain instances, it was shown that both the 
grains and the growing lysozyme crystals exhibit a specific orientation, which 
subsequently gives rise to distinct growth rates along each axis. Consequently, this 
phenomenon contributes to the emergence of diverse morphologies. The inclusion of 
paramagnetic salts as nucleating agents yielded similar outcomes as reported in the 
existing literature [27]. In our experimental investigations, we observed a comparable 
occurrence wherein specific magnetic lysozyme crystals exhibited the disappearance of 
faces as (1 0 1) and (1 1 0). This phenomena can likely be attributed to the differential 
growth rate exhibited by these facets in comparison to the remaining facets. 

Two treatment procedures were employed for the modified magnetic particles. The 
first way involved a sequence of water washing, drying, and subsequent ultrasonic 
dispersion. The second method consisted of water washing followed by a brief 
immediately ultrasonic treatment. Figure 5 presents microscopic pictures of the magnetic 
particles and lysozyme crystals acquired by both procedures in the absence of a lysozyme 
solution. The magnetic nanoparticles exhibited two distinct aggregation morphologies, 
namely chain and cluster formations. The aggregation effect was more pronounced in 

Figure 4. The microscopic images of lysozyme crystals, 30 mg/mL lysozyme, 5.84% NaCl. (a) 20 min
after crystallization begins; (b) 40 min of crystallization; (c) 60 min of crystallization; and (d) changes
in the concentration of lysozyme solution at different degrees of supersaturation. Each experiment
was repeated three times with similar results.

The conducted crystallization studies involving batches supplemented with magnetic
particles exhibited the presence of both tetragonal and rhombic crystal structures. The
presence of magnetic particles facilitates the self-assembly process of lysozyme crystals,
aligning with the theoretical framework described in the existing literature [24]. The
particles that exhibit magnetic properties, known as magnetic particles, are characterized
by their paramagnetic nature. These particles function as magnetic nuclei both within the
interior and on the surface of lysozyme crystals. Consequently, they have a discernible
impact on the anisotropy of the magnetic induction strength of these crystals. In certain
instances, it was shown that both the grains and the growing lysozyme crystals exhibit a
specific orientation, which subsequently gives rise to distinct growth rates along each axis.
Consequently, this phenomenon contributes to the emergence of diverse morphologies. The
inclusion of paramagnetic salts as nucleating agents yielded similar outcomes as reported
in the existing literature [27]. In our experimental investigations, we observed a comparable
occurrence wherein specific magnetic lysozyme crystals exhibited the disappearance of
faces as (1 0 1) and (1 1 0). This phenomena can likely be attributed to the differential
growth rate exhibited by these facets in comparison to the remaining facets.

Two treatment procedures were employed for the modified magnetic particles. The
first way involved a sequence of water washing, drying, and subsequent ultrasonic dis-
persion. The second method consisted of water washing followed by a brief immediately
ultrasonic treatment. Figure 5 presents microscopic pictures of the magnetic particles and
lysozyme crystals acquired by both procedures in the absence of a lysozyme solution. The
magnetic nanoparticles exhibited two distinct aggregation morphologies, namely chain and
cluster formations. The aggregation effect was more pronounced in magnetic nanoparticles
that underwent magnetic drying. The crystallization tests were carried out using an initial
concentration of lysozyme at 30 mg/mL, NaCl at 5.84%, and the addition of magnetic



Processes 2023, 11, 2644 8 of 14

particles at a concentration of 15%. The integration of the two systems was achieved by a
sequential process. Initially, the magnetic nanoparticles that underwent modification were
subjected to adsorption and subsequent washing using a magnet to remove any residual-
free polyaspartic acid (PASP). Subsequently, a dissolved sodium chloride (NaCl) buffer
solution was introduced into the crystallizer. Finally, the solution containing lysozyme was
added to complete the process. Figure 5c displays the microscopic images of lysozyme
crystals acquired during the implementation of method I, wherein magnetic nanoparti-
cles were utilized to induce lysozyme crystallization for a duration of 60 min. Figure 5d
illustrates the magnetic lysozyme crystals acquired by the second methodology. The data
presented in the image demonstrate that the aggregation pattern observed in magnetic
lysozyme crystals is similar to that observed in magnetic particles, chains, or clusters. The
results suggest that the aggregation of magnetic particles may contribute to the aggregation
of lysozyme crystals. The phenomena of lysozyme crystals’ aggregation can be greatly
mitigated through the successful prevention of magnetic nanoparticles’ aggregation.
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Figure 5. Microscopic images of magnetic particles and their induced Lysozyme crystals: (a) magnetic
nanoparticles, ultrasonic after washing; (b) magnetic nanoparticles, ultrasonic after drying; (c) mag-
netic lysozyme crystal, magnetic nanoparticle treatment (a); and (d) magnetic lysozyme crystal and
magnetic nanoparticle treatment (b). Each experiment was repeated three times with similar results.

The produced lysozyme crystals had a black-gray coloration and were conveniently
isolated from the solution using magnet-assisted adsorption. As shown in Figure 6a, a
magnet was placed on the right side of the collection bottle, and the naked eye could see
that the magnetic lysozyme crystals were adsorbed to the wall of the bottle; microscopic ex-
amination of the solution did not reveal any crystals. The magnetization curves of magnetic
lysozyme crystals were acquired using a sample magnetometer (VSM, 7407, Lake Shore,
OH, USA) while subjecting them to vibrations at room temperature, as depicted in Figure 6c.
The magnetic flux density of Fe3O4 reached saturation at a value of 83.17 emu/g, resulting
in a residual flux density of 19.17 emu/g. The magnetic flux density of PASP@Fe3O4
nanoparticles was found to be 72.18 emu/g, while magnetic lysozyme crystals exhibited
a saturation value of 9.89 emu/g. Following the cessation of the external magnetic field,
the residual magnetic flux densities were observed to be 17.36 emu/g and 2.78 emu/g,
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as depicted in Figure 6c. The magnetically attracted particles that were adsorbed by the
magnet exhibited a tendency to aggregate and form clusters. As depicted in Figure 6b,
a significant quantity of magnetic nanoparticles were enclosed and dispersed within the
lysozyme crystals, both internally and externally. This may potentially contribute to the
phenomenon of aggregation. Despite the removal of the external magnetic field, magnetic
lysozyme exhibits enduring magnetic characteristics and the phenomena of magnetic ag-
gregation continues to remain. This phenomenon could potentially elucidate the process of
magnetic lysozyme crystal aggregation. The addition of magnetic particles resulted in an
increase in crystallization yield, saturation magnetic flux density (Ms), and residual flux
density (Mr), as shown in Table 2. Nevertheless, the increase in yield of crystallization was
not statistically significant, suggesting that the incorporation of magnetic nanoparticles did
not exert a substantial impact on the crystallization process.
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Figure 6. (a) The magnet separates the solution from the lysozyme crystals; (b) SEM picture of
magnetic Lysozyme crystal; and (c) magnetization curves of Fe3O4, PASP @ Fe3O4, and magnetic
lysozyme crystals.

Table 2. Crystallization yield and saturation magnetic induction induced by different magnetic
particle content; the residence time of crystallization is 60 min.

Ω (%) Yield (%) Ms (emu/g) Mr (emu/g)

10 76.18 ± 3.17 7.79 ± 0.31 2.21 ± 0.10
15 78.33 ± 4.70 9.89 ± 0.44 2.78 ± 0.13
20 79.69 ± 2.90 11.01 ± 0.49 3.09 ± 0.14

3.3. Selection of Continuous Crystallizer

A total of nine distinct combinations of gas and liquid velocities were examined in
order to investigate the formation of slug flow. Formula 7 was employed to compute the
relative standard deviation (RSD) across various gas–liquid rates in order to assess the
stability of slug flow. The empirical findings are presented in Table 3.
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Table 3. Experimental data of slug flow stability.

No qvL mL/min qvG mL/min εL RSD

1 1.79 0.91 1.96 9.64
2 1.79 1.28 1.40 8.05
3 1.79 1.64 1.09 3.17
4 1.79 2.00 0.89 6.23
5 1.79 2.37 0.75 3.83
6 3.22 1.82 1.77 5.05
7 3.22 2.55 1.26 4.19
8 3.22 3.28 0.98 3.30
9 1.07 0.91 1.17 2.43

The primary factor contributing to slug flow instability in continuous crystallization
studies with a peristaltic pump is the occurrence of pulsations and back-mixing during fluid
transportation, which arise as a result of the distinctive properties of the pump. According
to the data presented in Table 3, it can be observed that when the liquid-phase flow rate is
held constant, changes in the gas-phase flow rate (namely in groups 1–5 or 6–8 and group
9) result in an amplification of the disparity between the liquid-phase and gas-phase flow
rates. Consequently, this amplification contributes to heightened instability in the slug
flow. This result is consistent with the research conducted by Su (21) and Wu (28). It is
worth mentioning that the groups 3, 8, and 9 exhibit εL values near to 1 and have relatively
modest relative standard deviations in their liquid-phase masses while the liquid-phase
flow rate remains constant. This observation suggests that there is a relative stability in the
slug flows created at these specific gas–liquid flow rates.

The experimental setup for selecting a continuous crystallizer is depicted in Figure 7.
Figure 8 illustrates the microscopic images of magnetic lysozyme crystals acquired at the
outlet of the test tube, employing identical flow rate (1.98 mL/min) and crystallization
duration (60 min). The produced lysozyme crystals exhibited a tetragonal and rhombic
morphology consistent with the crystal form observed in previous studies utilizing the
batch crystallization technique.
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The solution is introduced into the crystallizer by the upper inlet and is discharged
through the bottom outlet of the tube, as depicted in Figure 7a,b. In order to acquire
lysozyme crystals, the droplets located near the outlet of the collection tube were examined
using a microscope. The solution exhibited predominantly horizontal flow with minimal
vertical flow. The H-PFC crystallizer exhibited droplets with poor crystallization rates upon
completion of production, suggesting the presence of two potential factors contributing to
this occurrence. There are perhaps two causes for this phenomena. One of the reasons is that
horizontal flow crystallizers lack the ability to effectively mix the solution within confined
channels while operating at low flow rates. After the initiation of lysozyme nucleation, the
crystals exhibit rapid deposition in the lower region of the tubular crystallizer during the
growth stage. Another important aspect to take into account is the introduction of particles
into the horizontal flow crystallizer, which then gather in the bottom portion of the pipeline
due to the nucleation process associated with lysozyme. The act of visually observing black
magnetic particles clinging to the inner surface of the crystallizer tube at its entrance was
conducted without the aid of magnification. The magnetic particles had a limited role
in the initiation of lysozyme crystallization. However, the H-SFC crystallizer provides
evidence of the presence of magnetic lysozyme crystals, but with a greater tendency towards
aggregation. Based on the aforementioned data, it can be deduced that the SFC crystallizer
exhibits a higher degree of appropriateness for the crystallization procedure of magnetic
lysozyme crystals.

The potential of employing a tubular crystallizer installation to overcome the con-
straints associated with PFC and SFC crystallizers in the production of magnetic lysozyme
crystals was also a topic of our discussion. Two tests on crystallization, namely V-PFC
and V-SFC, were carried out utilizing the crystallizer installation shown in Figure 7c,d,
respectively. The solution was introduced into the crystallizer via the inlet located on
the left side and afterwards discharged through the outlet on the right side. This process
resulted in the formation of magnetic lysozyme crystals, as illustrated in Figure 8c,d. The
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observation of the crystallization process indicates a significant decrease in the adherence
of magnetic particles to the inner surface of the tube upon entry into the SFC crystallizer.
This reduction in adhesion is visually discernible without the aid of magnification, as the
magnetic nanoparticles exhibit a black coloration. The crystals present in the droplets at
the tube output exhibit significantly bigger dimensions and more desirable morphology
compared to those obtained from the V-PFC crystallizer. This observation was made using
a microscope, and no visible occurrence of aggregation was detected. The V-SFC crystallizer
yielded crystals that exhibited well-defined tetragonal and rhombic shapes, such as those
achieved during intermittent crystallization. These crystals had an average size of 16 µm.

The calculation of the particle size distribution of the magnetic lysozyme crystals was
hindered by the limited quantity of crystals (n = 500) acquired from the H-PFC crystallizer.
The details pertaining to this can be found in Figure 9a. The V-SFC crystallizer yields
magnetic lysozyme crystals with the most narrow average crystal size distribution. On
the other hand, the V-PFC crystallizer demonstrates the highest production of magnetic
lysozyme crystals, albeit with the lowest overall yield. Figure 9b illustrates the yields
obtained from the four continuous crystallizers. When subjected to identical residence
times, the SFC crystallizer exhibited a greater yield in comparison to the PFC crystallizer.
The V-SFC crystallizer demonstrated a superior yield compared to the H-SFC crystallizer,
achieving 85%. Additionally, it outperformed the V-PFC crystallizer, which achieved a
yield of 60%, as well as the batch crystallizer, which achieved a yield of 79%. After the
completion of the crystallization process and before the drying step, magnetic nanoparticles
that were unable to penetrate the lysozyme crystals were filtered and removed from the
solution. The magnetic lysozyme crystals were further subjected to characterization using
an X-ray powder diffractometer (D8 Discover, AXS, Germany), as shown in Figure 9c. The
Fe3O4 standard card with JCPDS number 19-0629, specifically line 1, and the magnetic
nanoparticles PASP@Fe3O4 (line 2) were utilized in the study. Upon conducting a compari-
son between curve 2 and curve 3, it was observed that the diffraction peak of Fe-O in the
magnetic lysozyme crystal did not exhibit any shift.
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4. Conclusions

Based on earlier research [23–25], the magnetic lysozyme crystallization process was
applied with a tubular continuous crystallizer, which thoroughly examined and improved
the intermittent crystallization process as well as resolved the primary issues with the
lysozyme continuous crystallization process. A number of inferences were formed in light
of these observations.

Upon the introduction of magnetic particles, two distinct crystal morphologies of
lysozyme were observed, namely tetragonal and rhombic. Following the grafting process
of PASP onto Fe3O4, any residual PASP present in the solution was eliminated using
water washing. Subsequently, the magnetic nanoparticles were dispersed using ultrasonic
techniques. The application of induced crystallization resulted in a notable decrease in the
occurrence of crystal agglomeration. The conditions that yielded the best results were as
follows: The mass of the magnetic particles accounted for 15% of the mass of lysozyme.
The concentration of lysozyme was 30 mg/mL, while the concentration of NaCl was
5.84% (w/v). The crystallization residence time lasted for 60 min.

The yields obtained from the four continuous crystallizers were as follows: V-SFC
exhibits a higher value compared to H-SFC, whereas V-PFC demonstrates a higher value
than H-PFC. The V-PFC crystallizer demonstrated the production of crystals with an aver-
age size of 16 µm, which exhibited the highest magnitude compared to other crystallizers.
Nevertheless, its output was limited to 60%. On the other hand, the V-SFC crystallizer
had a yield of 85% and generated crystals with an average size of 13 µm. V-PFC and
V-SFC are maybe employed in the crystallization process of small molecule chemicals and
pharmaceuticals.

Nevertheless, certain issues persist that necessitate resolution. Specifically, the mag-
netic particles exhibit adhesive properties, leading to their adherence to the inner walls of
the tube during the crystallization process. Therefore, it is imperative to identify a tube
material, such as glass, that minimizes the attachment of ferrous tetroxide.
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