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An annular gap nozzle was applied in solution enhanced dispersion by supercritical fluids (SEDS) process to prepare cefquinome
controlled size submicron particles so as to enhance their efficacy. Analysis results of orthogonal experiments indicated that the
concentration of solution was the primary factor to affect particle sizes in SEDS process, and feeding speed of solution, precipitation
pressure, and precipitation temperature ranked second to fourth. Meanwhile, the optimal operating conditions were that solution
concentration was 100mg/mL, feeding speed was 9mL/min, precipitation pressure was 10MPa, and precipitation temperature
was 316 K. The confirmatory experiment showed that 𝐷50 of processed cefquinome particles in optimal operating conditions was
0.73 𝜇m.Moreover, univariate effect analysis showed that the cefquinome particle size increased with the increase of concentration
of the solution or precipitation pressure but decreased with the increase of solution feeding speed. When precipitation temperature
increased, the cefquinome particle size showed highest point. Moreover, characterization of processed cefquinome particles was
analyzed by SEM, FT-IR, and XRD. Analysis results indicated that the surface appearance of processed cefquinome particles was
flakes. The chemical structure of processed cefquinome particles was not changed, and the crystallinity of processed cefquinome
particles was a little lower than that of raw cefquinome particles.

1. Introduction

Cefquinome is the fourth-generation cephalosporin antibi-
otics for animal and is a broad-spectrum 𝛽-lactam antibiotic
in the treatment of clinical mastitis. Cefquinome is licensed
as a combination therapy for E. coli mastitis in UK [1] and
is used widely for respiratory disease of pigs, horses sepsis,
and cows udder inflammation, respiratory tract infections,
and other serious infections caused by susceptible strains
in swine and cattle [2]. The mean particle diameter of raw
cefquinome is about 2 microns. The particle size of the drug
affects absorption rate and bioavailability either by topical or
by injectable applications [3]. The drug has to be formulated
into uniform microparticles in appropriate size and shape
for the purpose of achieving optimal efficiency of therapy
[4]. Ostwald-Freundlich equation indicates that when mean

particle diameter of drug is less than 1 micron, its solubility
would increase greatly and thereby enhance absorption rate
and drug bioavailability [5]. Therefore, it is urgent to study
how to reduce the particle size and prepare cefquinome
controlled size submicron particles.

In pharmaceutical field, several technologies, including
spray drying [6], antisolvent method [7], emulsification
method [8], and supercritical fluid (SCF) process [9, 10], are
used to control particle size. Among these methods, SCF
process has absorbed more and more attention because of no
solvent residue, low operating temperature, and controllable
process [11]. Solution enhanced dispersion by supercritical
fluids (SEDS) process is an important branch method of SCF
process [12]. SEDS process can deal with the drug insoluble
in water and control easily the particle size of drug [13].
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Figure 1: The flow diagram of the SEDS process.

It has been suggested that jet breakup in spray process is a
controlling factor in SEDS process [14]. The nozzle becomes
the key component to adjust jet breakup in SEDS process.
Many nozzles have been applied in SEDS process, such as
coaxial nozzles [15], internal twin-fluid mixing nozzles [16],
jet-swirl nozzle [17], four-pinhole nozzle [18], prefilming
nozzle [19], and annulus gap nozzle [20]. We have studied
preparing cefquinome particles in SEDS process by using
four-pinhole nozzle and obtained controlled size submicron
particles [18]. However, there still existed some problems
such as easy to block and small processing capacity. In order
to solve these problems, in this work, we study preparing
cefquinome particles in SEDS process by using a new kind
of annular gap nozzle.

2. Materials and Methods

2.1. Materials. Cefquinome (mass fraction purity > 82%,
calculated by cefquinome content) was purchased from Qilu

ShengHua Pharmaceutical Co., Ltd. Carbon dioxide (purity
> 99%), acted as antisolvent, was supplied by Jinan Ger-
man Foreign Specialty Gases Co., Ltd. Dimethyl sulfoxide
(DMSO) (analytical grade), acted as solvent of cefquinome,
was supplied by Tianjin Fuyu Fine Chemical Co., Ltd.

2.2. Equipment and Operating Procedure. Semicontinuous
SEDS process equipment (HKY-3, Nantong Huaan Super-
critical Extraction Co., Ltd., China) was employed. The flow
diagram was shown in Figure 1. The detail operating process
was described in our previous work [18]. In brief, carbon
dioxide was purified and liquefied firstly and continuously
introduced into the precipitation tank through an annular
gap nozzle. The temperature of carbon dioxide can be
adjusted by adjusting the temperature of the incubator. The
pressure in precipitation tank was controlled by adjusting
valve 18. When the pressure and temperature reached desired
values, pure DMSO was continuously introduced into the
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Figure 2: The structure of annular gap nozzle.

precipitation tank by metering pump through the annular
gap nozzle until the pressure and temperature were resteady.
Then, cefquinome/DMSO solution was pumped into the
annular gap nozzle and then sprayed out to produce the
cefquinome precipitation. After injection of the solution
was finished, supercritical carbon dioxide continued to
be pumped into the nozzle for forty minutes so that all
remaining DMSO was carried out of the precipitation tank.
Then, the precipitation tank was depressurized gradually to
atmospheric pressure. Finally, the processed particles were
collected from the bottomof the precipitation tank for further
characterization analysis. Annular gap nozzle was the key
component of the SEDS process equipment. The structure of
the nozzle was shown in Figure 2. The annular gap nozzle
was designed especially for SEDS process. Supercritical CO2
and cefquinome/DMSO solution were introduced separately
from different channels, then mixed, and then sprayed out
quickly. The distance of the annular gap can adjust according
to different requirements. In this study, the distance of the
annular gap was 0.2mm.

In order to study the optimal operating conditions of
preparing cefquinome controlled size submicron particles
by SEDS process, an orthogonal L9(34) test design was em-
ployed. Cefquinome concentration, feeding speed of solution,
precipitation pressure, and temperature were selected as the
factors of the experiment, and the level range of each factor
was determined as shown in Table 1. All of these were selected
based on the results of preliminary experiments and related
study [18, 19, 21].Themedian diameter (𝐷50) of particles acted
as the dependent variable changingwith these factors. Design
Expert 8.0 software was used to analyze experimental results
according to range analysis principle.

2.3. Characterization Methods
2.3.1. Particle Size Measurement. The size of cefquinome
particles was measured by a laser particle size analyzer (BT-
9300H, Dandong Baxter Instrument Co., Ltd., China). Before
measurement, the cefquinome particles were suspended in
ultrapure water, and then the suspension was stirred in an
ultrasonic disperser for 5 minutes so as to disperse effectively.
Background test was conducted in a clean sample cell only
filled with ultrapure water. Then the suspension dispersed
well was injected into the sample cell. Finally, the particle
sizes, expressed by themedian diameter (𝐷50), were obtained.
Each measurement was repeated three times.

2.3.2. Surface Morphology Analysis. The surface morpholo-
gies of cefquinome particles were observed by a scanning
electronmicroscope (SEM) (NOVANANOSEM 450, Ameri-
can FEI Corporation, USA). Before observation, Cefquinome
particles were stuck on the test bench with double-sided
adhesive carbon tape and then were coated with a thin layer
of gold under high vacuum conditions.

2.3.3. FT-IR Spectroscopy. Fourier transform infrared (FT-
IR) spectra were recorded on a FT-IR Spectrometer (Nicolet
IR200,Thermo Fisher Scientific, Inc., USA) with a resolution
of 4 cm−1 at room temperature. The scanning range was
400–4000 cm−1. Cefquinome particles were dispersed in KBr
and the mixture was pressed into disc form. A pellet was
formed including 2.5mg cefquinome particles and 250mg
KBr. Data was analyzed by Omnic.

2.3.4. XRD Analysis. The crystalline structure of the sam-
ples was analyzed by an X-ray powder diffractometer (D8
ADVANCE, Bruker AXS, German) with Cu K𝛼 radiation at
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Table 1: Factors and levels of the orthogonal array design.

Factor Concentration of solution
(mg/mL)

Solution feeding speed
(mL/min) Precipitation pressure (MPa) Precipitation temperature (K)

1 100 3 10 306
2 200 6 13 311
3 300 9 16 316

40 kV and 40mA.The samples were scanned between 10∘ and
80∘ (2𝜃).

3. Results and Discussion

3.1. Optimization Study. The SEDS process is a very com-
plex process. When precipitation occurs, nucleation occurs
simultaneously and then particles grow fastly accompanied
with aggregation and breakage [22]. The occurrence and
development of these processes affect greatly the particle size,
appearance, and even crystal form, whereas these processes
can be influenced by the change of operating parameters, such
as solution flow rate, solution concentration, pressure and
temperature.

The analyzing results of the experiments were shown in
Table 2. According to range analysis principle, the greater the
range is, the greater the impact of the factor is. It indicated
in Table 2 that the range of factor 𝐴 was the greatest in the
four factors and the range of the four factors was sorted
in descending order as follows: 𝐴 > 𝐵 > 𝐶 > 𝐷.
Therefore, the effect of solution concentration on particle size
was the greatest, and the effect of solution feeding speed,
precipitation pressure, and temperature ranked second to
fourth. The order of these factors is nearly the same as that
in [23], except that the order of temperature and pressure
is slightly different. The best particle size obtained in the
experiments was 0.80 𝜇m. According to range analysis, the
conditions of A1B3C1D3 were the optimal conditions; that
is, the solution concentration was 100mg/mL, the feeding
speed was 9mL/min, precipitation pressure was 10MPa, and
precipitation temperature was 316K. In the optimal operating
conditions, confirmatory test was conducted and 𝐷50 of
processed cefquinome particles was 0.73𝜇m.

3.2. Univariate Effect. The univariate effects on processed
cefquinome particles size were shown in Figures 3(a)–3(d).
𝐷50 was selected to indicate particle size. As shown in
Figure 3(a), 𝐷50 of processed cefquinome particles increased
when the concentration of cefquinome increased from 100 to
300mg/mL. The trend of particle size change with solution
concentration is consistent with that in [5, 24]. In SEDS
process, nucleation occurs in the nozzle, whereas growth
completes in the precipitation tank [24]. With the increase of
solution concentration, the surface tension between solution
and supercritical carbon dioxide increases, Weber number
decreases, and particle size increases [23]. In addition, after
being introduced into precipitation tank, the solution in high

concentration cannot be atomized well. Breaking time of
the droplet increases so that the nucleation time of particles
increases, leading to larger particle size.

As shown in Figure 3(b),𝐷50 decreased when the feeding
speed of the solution increased from 3 to 9mL/min. The
increase of the flow rate makes the contact area between the
supercritical fluid and the organic solution decrease, and the
mass transfer effect is weakened, resulting in the decrease
of the supersaturation rate [4]. The lower supersaturation
reduces the amount of nucleation of the crystal, resulting
in less agglomeration. Moreover, increase of the flow rate
can exacerbate droplet breakage. All these reasons cause the
prepared particles to have a smaller particle size.

In Figure 3(c), it indicated that 𝐷50 increased with the
increase of precipitation pressure. This trend is consistent
with the trend in the literature [23] when the pressure is
higher than 12Mpa. With the increase of pressure, the diffu-
sion coefficient and the diffusion rate of supercritical carbon
dioxide increase. Moreover, with the increase of pressure,
the density of supercritical carbon dioxide increases, and
the contact area between the supercritical carbon dioxide
and the organic solution increases. And then mass transfer
effect increases, resulting in increased supersaturation rate.
Therefore the possibility of a large number of nuclei forming
large-size particle by growing and aggregating increases.

The effect of precipitation temperature on 𝐷50 was com-
plex, which can be seen from Figure 3(d). 𝐷50 increased and
then decreased when the precipitation temperature increased
from 306K to 316K.This trend is consistent with the trend in
[5]. It is mainly because that when preparing drug particles
in SEDS process, the effect of temperature on the particle
size has two aspects. On the one hand, with the increase
of temperature, the kinetic energy of the solvent molecules
increases and the solvent diffusion rate increases. On the
other hand, with the increase of temperature, the density of
the supercritical carbon dioxide decreases, and the diffusion
coefficient of the supercritical carbon dioxide decreases. The
combined effect of these two aspects leads to the trend.

3.3. Surface Appearance Analysis. SEM image of raw cefqui-
nome particles was shown in Figure 4. The surface appear-
ance of raw cefquinome particles was irregular blocks. SEM
image of processed cefquinome was shown in Figure 5.
It indicated that these particles were flaky. Most of these
particles aggregated together. When these particles were
dispersed in superpure water by supersonic wave, they could
be separated, which had been verified in measuring particle
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Figure 3: The univariate effects on processed cefquinome particles size.

size by laser particle size analyzer. In pharmaceutical industry,
supersonic separation is a common process. Therefore, the
agglomeration of the particles cannot affect the efficacy of
cefquinome in practical pharmaceutical industry.

3.4. Result of FT-IR. FT-IR examinations were carried out to
mainly obtain the changed information chemical structure of
cefquinome after being processed by SEDS process. The FT-
IR spectra of raw cefquinome andprocessed cefquinomewere
shown in Figure 6. It indicated that the characteristic peaks
of the two FT-IR spectra are almost the same. Therefore, the

chemical structure of cefquinome does not change after being
processed by SEDS process. It can be concluded that the SEDS
process by using annular gap nozzle changed only particle
size and surface morphology but not chemical structure.

3.5. Result of XRD. The XRD results of raw and processed
cefquinome obtained in the study was shown in Figure 7.
The characteristic high intensity diffraction peaks of raw
cefquinome at the diffraction angles of 2𝜃 = 12.6∘, 16.1∘, 23.9∘,
and 24.6∘ indicated the existence of its natural crystalline
form.Whereas the processed cefquinome shows a diffraction



6 International Journal of Chemical Engineering

Table 2: Analysis results of L9(34) test.

Run (𝐴) concentration of
solution (mg/mL)

(𝐵) solution feeding
speed (mL/min)

(𝐶) precipitation
pressure (MPa)

(𝐷) precipitation
temperature (∘C)

Average diameter
(𝜇m)

1 1 1 1 1 0.91
2 1 2 2 2 0.80
3 1 3 3 3 0.82
4 2 1 2 3 1.02
5 2 2 3 1 1.08
6 2 3 1 2 0.86
7 3 1 3 2 1.39
8 3 2 1 3 0.97
9 3 3 2 1 0.96
𝐾1a 0.843 1.107 0.913 0.983
K2 0.987 0.95 0.927 1.017
K3 1.107 0.88 1.097 0.937
𝑅b 0.264 0.227 0.184 0.08
Optimal level A1 B3 C1 D3
a
𝐾𝑖
𝐴
= Σ(mean particle size at𝐴𝑖)/3, the mean values of mean particle size for a certain factor at each level with standard deviation.

b
𝑅𝑖
𝐴
= max{𝐾𝑖𝐴} −min{𝐾𝑖𝐴}.

Figure 4: SEM image of raw cefquinome.

Figure 5: SEM image of processed cefquinome.

pattern with similar diffraction angles, the peak intensity
is a little less than that of raw cefquinome. This indicates
that cefquinome particles after being processed by SEDS
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Figure 6: FT-IR spectra of raw cefquinome and processed
cefquinome by SEDS process.

process are less crystalline.Therefore, it can be concluded that
SEDS process using annular gap nozzle can decrease slightly
the crystallinity of cefquinome particles. Low crystallinity is
more helpful for enhancing dissolution rate or bioavailability
than crystals [25].
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nome.

4. Conclusions

Annular gap nozzle was used in SEDS process to prepare
cefquinome controlled size submicron particles. The optimal
operating condition and univariate effect of every factor on
the process were studied by orthogonal experiments. The
effects of the four factors on particle size were revealed, that
is, the concentration of solution, feeding speed of solution,
precipitation pressure, and temperature, ranking first to forth.
The optimal operating conditions for preparing cefquinome
particles in SEDS process using annular gap nozzle were that
solution concentration was 100mg/mL; the feeding speed
was 9mL/min; precipitation pressure was 10MPa; and pre-
cipitation temperature was 316K. Confirmatory experiment
showed that𝐷50 of processed cefquinome in optimal operat-
ing conditions was 0.73 𝜇m.Univariate effect analysis showed
that the cefquinome particle size increased with the increase
of concentration of the solution or precipitation pressure but
decreased with the increase of solution feeding speed. When
precipitation temperature increased, the cefquinome particle
size showed highest point and then decreased. Moreover,
characterization of processed cefquinome particles was ana-
lyzed by SEM, FT-IR, and XRD. Analysis results indicated
that the surface appearance of processed cefquinomeparticles
was flakes. The chemical structure of processed cefquinome
particles was not changed, and the crystallinity of processed
cefquinome particles was lower than that of raw cefquinome
particles. The application of annular gap nozzle would be
beneficial to industrial applications of SEDS process. The
process optimization of preparing controlled size submicron

particles by SEDS process would be helpful for cefquinome to
enhance efficacy and application in more fields.
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