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Abstract: In this study, the recrystallization and production of spherical submicron particles of
sulfasalazine, an active pharmaceutical ingredient (API), were performed using the supercritical
antisolvent (SAS) process, a nonconventional crystallization technique. Sulfasalazine was dissolved in
tetrahydrofuran (THF), and supercritical carbon dioxide (CO2) served as the antisolvent. The effects
of operating parameters on the SAS process, including the operating pressure, solution concentration,
solution flowrate, CO2 flowrate, and spraying nozzle diameter, at two operating temperatures were
examined. The solid-state characteristics of sulfasalazine before and after the SAS process, including
particle size, crystal habit, and crystal form, were analyzed using a scanning electron microscope
(SEM), powder X-ray diffractometer (PXRD), and differential scanning calorimeter (DSC). A higher
operating temperature, intermediate operating pressure, higher CO2 flowrate, and lower solution
flowrate are recommended to obtain spherical particles of sulfasalazine. The effects of the solution
concentration and spraying nozzle diameter on the SAS process were negligible. Under optimal
conditions, spherical sulfasalazine crystals with a mean size of 0.91 µm were generated, and this study
demonstrated the feasibility for tuning the solid-state characteristics of API through the SAS process.
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1. Introduction

In the pharmaceutical industry, the modification of the solid-state characteristics of active
pharmaceutical ingredients (APIs) is crucial to overcome poor aqueous solubility and provide suitable
powder characteristics in downstream processing [1]. Reducing the particle size, modifying the crystal
habit, and designing the crystal form of APIs are common approaches to improve the bioavailability
of APIs with poor water solubility and to enhance powder handling in the formulation design [2].
For example, Jog and Burgess reviewed the application of pharmaceutical amorphous nanoparticles in
designing novel drug delivery systems and summarized the particle manufacturing techniques [3].
Modi et al. investigated the effect of crystal habit on intrinsic dissolution behavior and demonstrated
the effect of particle-level properties and the surface molecular environment on the intrinsic dissolution
rate [4]. Chattoraj and Sun summarized different crystal and particle engineering strategies for
improving powder flow and compression properties for continuous tablet manufacturing through
direct compression [5]. Pudasaini et al. investigated the effect of solvent selection on crystal habit to
overcome problems in needle-like crystal production through a conventional crystallization process [6].
In general, the production of smaller particles with a spherical crystal habit, which provides an
enhanced dissolution profile and superior powder flowability, is favorable for drug design and
development. In addition, the application of supercritical fluid crystallization, a nonconventional
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crystallization technique, for the micronization and particle design of APIs has also been discussed
and reviewed in the literature [7–9].

In supercritical fluid crystallization techniques, depending on the mechanism and role of
supercritical fluids, different processes have been developed, such as the rapid expansion of
supercritical solution (RESS), supercritical antisolvent (SAS), supercritical assisted atomization (SAA),
and particle from gas saturated solution (PGSS) [10]. The supercritical fluid is employed as the
solvent, antisolvent, dissolved solute, and spraying-assisted cosolvent in RESS, SAS, PGSS, and SAA,
respectively. In pharmaceutical applications, SAS is frequently used owing to the low solubility
of pharmaceutical solids in supercritical fluids [11]. Because of the advantages of carbon dioxide
(CO2), namely its nontoxicity, nonflammability, environmental friendliness, and mild supercritical
conditions, CO2 is recognized as a green solvent and is commonly used in the SAS process. In the
literature, the SAS process has been demonstrated to be superior to the conventional crystallization
process for the modification of the solid-state properties of pharmaceutical and biological compounds,
such as baicalein, curcumin, palmitoylethanolamide, quercetin, β-carotene, ellagic acid, etoposide,
indomethacin, mangiferin, rutin, tetracycline, aescin, carbamazepine, curcumin, gefitinib, levofloxacin,
primidone, warfarin, and naringenin [12–31]. Using SAS, crystals with sizes in the range of microns
to nanometers, regular crystal habit, and narrow size distribution can be produced. These improved
powder characteristics benefit drug design and the downstream formulation process by enhancing the
dissolution behavior and powder handling procedure.

In this study, sulfasalazine was selected as a model API, and the recrystallization of sulfasalazine
through the SAS process was conducted to investigate whether this process can be used to control
solid-state characteristics. Sulfasalazine is a sulfonamide used to treat rheumatoid arthritis, ulcerative colitis,
and Crohn’s disease. In our preliminary study, we performed a solvent selection and reported the
temperature effect in the SAS recrystallization of sulfasalazine [32]. To further investigate the mechanism of
the SAS recrystallization of sulfasalazine, the effect of the operating pressure, solution concentration,
solution flowrate, CO2 flowrate, and nozzle diameter at two selected operating temperatures were
systematically compared and discussed. The crystal habit, particle size, and crystal form of recrystallized
sulfasalazine were examined and compared. Subsequently, the appropriate operation conditions for
obtaining spherical submicron particles of sulfasalazine were finally summarized.

2. Materials and Methods

CO2, which was used as the supercritical antisolvent, was supplied by Cheng-Feng Gas Co.
(Taipei, Taiwan), with a minimum purity of 99.5%. The API sulfasalazine (CAS number: 599-79-1) was
supplied by Sigma-Aldrich Co. (St. Louis, MO, USA), with a minimum purity of 98%. Tetrahydrofuran
(THF), which was used as the solvent, was purchased from JT Baker (Center Valley, PA, USA), with a
minimum purity of 99.5%. All chemicals were used without further purification. The experimental
apparatus for SAS is described in detail in our previous study [30–32]. As shown in Figure 1,
the experimental apparatus depicted consisted of two high-performance liquid chromatography
(HPLC) pumps (components 3-1 and 3-2) for delivering the supercritical CO2, and an HPLC pump
(component 3-3) for delivering the sulfasalazine solution. The pressure and temperature of the
experimental system were controlled using a back pressure regulator (valve A) and an electrical heating
jacket (component 10), respectively. The pressure and temperature of the system were measured using
a pressure transducer (component 4) and a thermocouple (component 5), with the resolutions of
0.1 K and 0.1 bar, respectively. The CO2 flowrate was controlled using a micrometering valve (valve
E) and was measured using a rotameter under ambient conditions (component 13). Sulfasalazine
crystallization occurred in a precipitator (component 7). The volume of the precipitator was 70 mL,
and a stainless steel frit was installed at the bottom of the precipitator for sample collection. The SAS
process was initiated with the injection of supercritical CO2 and the pure solvent (THF) into the
precipitator until a steady state was achieved. Subsequently, the liquid feed flow was switched to
the sulfasalazine solution for API crystallization. After API crystallization, supercritical drying was
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performed by delivering supercritical CO2 continuously to eliminate the residual solvent inside the
precipitator. Subsequently, the precipitator was depressurized, and the samples on the stainless steel
frit were collected for further analysis.
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Figure 1. Experimental apparatus of the supercritical antisolvent (SAS) process.

To investigate the particle size, crystal habit, thermal properties, and crystal form of sulfasalazine,
the original and recrystallized sulfasalazine were analyzed using a scanning electron microscope
(SEM), powder X-ray diffractometer (PXRD), and differential scanning calorimeter (DSC). For SEM
analysis, crystals were fixed on conductive adhesive tape and were sputtered with a thin film of
gold. For comparison of crystal habits, images of sulfasalazine crystals were captured through an
SEM (HITACHI, S-3000H). In addition, SEM images after sharpening were used to calculate the
mean particle size of sulfasalazine crystals through the analysis of at least 200 crystals using ImageJ
software. For the needle-like crystal, the needle length was recorded and reported. To determine the
crystal structure, PXRD data were collected from 5◦ to 50◦ at a scanning rate of 3◦/min by using a
PXRD (PANalytical X’pert). To determine the thermal properties of the crystals, a DSC (PerkinElmer,
Jade DSC) was used, and the samples were heated from 50 ◦C to 270 ◦C at a heating rate of 10 ◦C/min.

3. Results and Discussion

The preliminary results for the recrystallization of sulfasalazine through SAS are described in our
previous study [32]. In SAS, the THF was selected as an appropriate solvent when supercritical CO2

served as the antisolvent, and the operating temperature exerted a significant effect on the crystal habit
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of recrystallized sulfasalazine [32]. To further investigate the mechanism of the SAS recrystallization of
sulfasalazine, 16 SAS experiments were designed, as depicted in Table 1. The effects of the operating
pressure, solution concentration, CO2 flowrate, solution flowrate, and spraying nozzle diameter at two
designed operating temperatures were analyzed and discussed. The results of the SAS recrystallization,
including the yield, crystal form, mean size, and crystal habit, are also listed in Table 1. In Table 1,
Exp. 1 and Exp. 9 are the experimental results obtained in our previous study [32].

Table 1. Results of the SAS study of sulfasalazine using THF as the solvent.

Exp.
No.

Operating Condition Result

T (◦C) P
(bar)

Conc.
(%)

FCO2
(L/min)

Fsoln
(mL/min)

N
(µm)

Yield
(%) Crystal Form Mean size

(µm) Crystal Habit

Ori — — — — — — — I 6.10 Irregular
1 (a) 35 100 90 4 0.5 100 91.8 II 88.9 Needle-like/Nanocluster

2 35 80 90 4 0.5 100 97.4 II 53.6 Needle-like/Nanocluster
3 35 120 90 4 0.5 100 92.9 II 71.4 Needle-like
4 35 100 30 4 0.5 100 87.4 II 60.3 Needle-like/Nanocluster
5 35 100 60 4 0.5 100 90.1 II 40.4 Needle-like/Nanocluster
6 35 100 90 2 0.5 100 91.2 II 79.2 Needle-like/Nanocluster
7 35 100 90 4 1.0 100 93.7 II 36.6 Needle-like
8 35 100 90 4 0.5 200 94.6 II 53.8 Needle-like/Nanocluster

9 (a) 55 100 90 4 0.5 100 91.0 I + II 1.03 Spherical
10 55 80 90 4 0.5 100 89.1 II 4.32 Rod-like
11 55 120 90 4 0.5 100 91.4 I + II 2.23 Spherical/irregular
12 55 100 30 4 0.5 100 80.0 I + II 1.00 Spherical
13 55 100 60 4 0.5 100 83.7 I + II 0.91 Spherical
14 55 100 90 2 0.5 100 94.4 I + II 2.80 Spherical/irregular
15 55 100 90 4 1.0 100 93.3 I + II 1.37 Spherical/irregular
16 55 100 90 4 2.0 100 92.7 II 32.1 Needle-like
17 55 100 90 4 0.5 50 86.0 I + II 0.95 Spherical
18 55 100 90 4 0.5 200 81.9 I + II 1.17 Spherical

(a) Results from our previous study [32].

In this study, the effects of operating parameters on the SAS recrystallization of sulfasalazine
were systematically investigated. The modification of the solid-state characteristics of sulfasalazine
was discussed, and the feasible operating region for producing spherical crystals was summarized.
To discuss the SAS recrystallization at 35 ◦C, the SAS results obtained at different operating pressures
(80, 100, and 120 bar), solution concentrations (30%, 60%, and 90% saturation), CO2 flowrates (2 and
4 L/min), solution flowrates (0.5 and 1 mL/min), and spraying nozzle diameters (100 and 200 µm) are
listed in Table 1 (Exp. 2–8). These SAS experiments produced needle-like crystals with nanoclusters,
except for Exp. 3 and Exp. 7, in which only needle-like crystals were produced. The crystal habits
of needle-like sulfasalazine analyzed using the SEM are presented in Figure 2a,b for Exp. 5 and 7,
respectively. The average needle length of the needle-like crystals obtained from these SAS experiments
was between 40 and 90 µm. The SEM image of the sulfasalazine nanoclusters from Exp. 5 are depicted
in Figure 2c. In this experiment, the primary particles in the nanoclusters were approximately 200 nm.
To further characterize the crystal properties of the nanocluster, a comparison of sulfasalazine crystals
analyzed using a DSC thermogram in Exp. 7 and 8 is provided in the supplementary material
as Figure S1. For Exp. 8, an additional exothermic peak of approximately 130 ◦C indicated a
recrystallization process in which nanoclusters were amorphous. These amorphous nanoclusters
might have been generated in the early stage of the SAS recrystallization process due to extremely high
supersaturation. Furthermore, according to Table 1, spherical sulfasalazine crystals were obtained at
55 ◦C. According to the PXRD comparison of the original and SAS-processed sulfasalazine in Figure S2
in the supplementary material, the production of spherical crystals can be attributed to the modification
of the polymorphic form of sulfasalazine in the SAS process. As presented in Figure S2, compared with
the original form I crystals, needle-like sulfasalazine exhibited form II characteristics according to the
PXRD results, and spherical sulfasalazine was determined to be a mixture of form I and II. SAS is a
high supersaturation crystallization process. When SAS was operated at 35 ◦C, only form II nuclei
were generated and they grew unidirectionally, resulting in the production of needle-like crystals.
However, when operated at 55 ◦C, both form I and form II nuclei were generated. The crystal growth
of both forms interfered with their unidirectional growth, thus producing spherical particles.
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(b) needle-like particles obtained from Exp. 7; and (c) nanoclusters obtained from Exp. 5.

To further analyze the optimum operation condition for obtaining spherical sulfasalazine at 55 ◦C,
SAS experiments at different operating pressures (80, 100, and 120 bar), solution concentrations (30%,
60%, and 90% saturated), CO2 flowrates (2 and 4 L/min), solution flowrates (0.5, 1, and 2 mL/min),
and spraying nozzle diameters (50, 100, and 200 µm) were designed, as depicted in Table 1 (Exp. 10–18).
The crystallization yield, mean size, crystal habit, and crystal form of sulfasalazine crystals obtained
from the SAS experiments at 55 ◦C are also listed in Table 1. The effects of operating parameters on
the mean particle size of sulfasalazine are illustrated in Figure 3. According to Table 1 and Figure 3,
the operating pressure, CO2 flowrate, and solution flowrate significantly affected the mean size and
crystal habit of sulfasalazine crystals, whereas the solution concentration and spray nozzle diameter
exerted negligible effects. Figure 3a reveals the effect of the operating pressure on the mean size of
sulfasalazine. Three SAS experiments were performed at 80 (Exp. 10), 100 (Exp. 9), and 120 bar
(Exp. 11). A decrease in the mean size from 4.32 to 1.03 µm was observed, with a corresponding
increase in the pressure from 8 to 10 MPa. However, with a further increase in the operating pressure
to 12 MPa, the particle size increased to 2.23 µm. In addition, the crystal habits were also altered
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from rod-like and spherical to spherical and irregularly shaped when the SAS process was operated
at 80, 100, and 120 bar, as depicted in Figure 4a–c. The trend of pressure effects in this SAS study
was consistent with that obtained in a study that conducted the SAS processing of naringenin [29].
The effect of the operating pressure can be determined by applying principles of phase equilibria [33].
Figure 5 presents the predicted vapor-liquid equilibrium (VLE) of CO2 + THF at 55 ◦C using the
Predictive Soave-Redlich-Kwong (PSRK) equation of state. The feasibility of the PSRK equation of
state for predicting the VLE of CO2 + THF has been verified in our previous study [32]. The operating
pressures of 80, 100, and 120 bar were also plotted on this diagram. When the operating pressure
increased from 80 bar to 100 bar, the operating regions shifted from the two-phase region to above
the mixture critical point (MCP), which is a favorable condition for the production of smaller crystals
in the SAS recrystallization process. When the operating pressure was further increased from 100 to
120 bar, both pressures were above the MCP, meaning that the crystallization mechanisms of these
two pressure experiments were similar. However, when the operating pressure is considerably above
the MCP, the saturated solubility of sulfasalazine in a supercritical solution increases. This saturated
solubility increasingly inhibits supersaturation during crystallization; thus, it is not conducive for
producing small sulfasalazine crystals.Crystals 2018, 8, x FOR PEER REVIEW  7 of 12 
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Figure 4. SEM images of sulfasalazine crystals: (a) Rod-like particles obtained from Exp. 10;
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(d) spherical and irregular particles obtained from Exp. 14; (e) spherical and irregular particles obtained
from Exp. 15; and (f) needle-like particles obtained from Exp. 16.
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the Predictive Soave-Redlich-Kwong (PSRK) equation of state at 55 ◦C ( operation point at three
exerimental pressures).

Figure 3c,d present the effect of the CO2 flowrates of 2 and 4 L/min and solution flowrates
of 0.5, 1, and 2 mL/min on the mean size of sulfasalazine. A lower solution flowrate and higher
CO2 flowrate led to the production of smaller sulfasalazine crystals. A lower solution flowrate
and higher CO2 flowrate indicated a higher antisolvent to solvent ratio in the precipitator, resulting
in a faster supersaturation of the solute, and a lower saturated solubility of sulfasalazine in this
fluid, which caused the rapid nucleation and formation of small crystals. Similar results have also
been reported in the literature [16,27,29]. In addition, the CO2 flowrate and solution flowrate had
considerable influence on the crystal habit of recrystallized sulfasalazine. In Figure 4b,d, the crystal
habit of recrystallized sulfasalazine crystals obtained from the SAS experiments were compared
at different CO2 flowrates. Figure 4b,e,f present a comparison of the crystal habit of sulfasalazine
crystals in Exp. 9, 15, and 16 at solution flowrates of 0.5, 1, and 2 mL/min, respectively. In Exp. 9,
which had the lowest solution flowrate and the highest CO2 flowrate, spherical sulfasalazine was
successfully produced. However, with an increased solution flowrate or decreased CO2 flowrate,
which reduced the antisolvent-to-solvent ratio in the precipitator, irregular crystals began to form.
When the solution flowrate was increased to 2 mL/min (Exp. 16), only needle-like particles were
produced. In this SAS study, under optimal conditions, spherical sulfasalazine crystals with a mean size
of 0.91 µm were produced. The comparisons of crystal habit and particle size distribution presented in
Figure 6 indicate that the SAS process was efficient in manipulating the solid-state characteristics of
sulfasalazine. Furthermore, the observed crystallization recoveries were all higher than 80%, indicating
that the selected solvent (THF) and antisolvent (supercritical CO2) system were appropriate from an
engineering perspective. Finally, to verify the reproducibility of our SAS results, two experiments
using the experimental condition of Exp. 9 were conducted. The measured mean size of these two
repeated SAS experiments were 0.99 and 0.92 µm, which is quite close to our reported size for Exp. 9
(1.03 µm).
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4. Conclusions

Spherical submicron particles of sulfasalazine were successfully generated using the SAS
process. The effect of operating parameters on the particle size, crystal habit, and crystal form
were evaluated. The choice of operation region was one of the key factors in the achievement of
satisfactory recrystallization. Operation at a higher temperature that was slightly above the MCP
of CO2 + THF was essential to obtain spherical crystals of sulfasalazine. The CO2 flowrate and
solution flowrate that modified the CO2 mole fraction in the precipitator also had a considerable
effect on recrystallization. Higher CO2 flowrates and lower solution flowrates are recommended for
the production of spherical particles. In this study, spherical particles with a mean size of 0.91 µm
were successfully generated, with a satisfactory crystallization yield. These results proved that the
SAS process is efficient in controlling the solid-state characteristics of APIs in the micronization and
production of spherical crystals.
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