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a b s t r a c t

Recrystallization and micronization for an antibacterial active pharmaceutical ingredient (API), sulfathi-
azole, was investigated in this study using the supercritical antisolvent (SAS) technology. The effects for
the type of solvent, temperature and pressure on particle formation were investigated using the SEM,
eywords:
upercritical antisolvent
ecrystallization
icronization

ulfathiazole

DSC and XRD analyses. It was observed that various solvents resulted in different polymorphisms. The
original sulfathiazole had the crystal form III. It was recrystallized and micronized into form I when ace-
tone was used as the solvent in the semicontinuous SAS process. The polymorph changed to form IV
when ethanol was employed as the solvent. The mean particle size of sulfathiazole was reduced from its
original 43.0 ± 15.5 �m to 2.1 ± 0.8 �m at the optimal operating condition. The optimally micronized sul-
fathiazole exhibited a much narrower particle size distribution. It also presented an enhanced dissolution

rigina
olymorph rate by 3.2 times to the o

. Introduction

Supercritical fluid processes are recognized as advanced tech-
ologies for the production of micro- or nano-composite particles
1] with the advantage of reduction of organic solvents in
raditional methods. Many discussions on the application of super-
ritical fluid technologies have been presented in literature [2–8]
or particle formation of value added products like pharmaceutical
ompounds. The most commonly used supercritical fluid is carbon
ioxide owing to its low critical properties and the safety con-
ideration. Recrystallized and micronized active pharmaceutical
ngredients (APIs) were obtained by employing supercritical CO2
ither as solvent or antisolvent. Much smaller APIs with narrower
article size distribution and preferred morphology are desired

n pharmaceutical manufacturing. New polymorphisms can also
e obtained with enhanced bioavailability and improved dissolu-

ion rate. The required dosage and possible side effect can also be
educed from supercritical CO2 treated API.

Among various supercritical fluid particle formation techniques,
upercritical antisolvent (SAS) process has widely been applied
or APIs with limited solubility in supercritical CO2. The API was

∗ Corresponding author at: Department of Chemical Engineering, National Taiwan
niversity, No. 1, Roosevelt Road, Section 4, Taipei 106, Taiwan, ROC.
el.: +886 2 2366 1661; fax: +886 2 2362 3040.

E-mail address: ypchen@ntu.edu.tw (Y.-P. Chen).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.08.075
l API in a simulated intestinal fluid.
© 2010 Elsevier B.V. All rights reserved.

firstly dissolved in an appropriate solvent, and it was recrystallized
in a short period of time due to the supersaturation of API upon
introducing high pressure antisolvent CO2. We have successfully
micronized sulfamethoxazole using SAS process in our previous
study [9]. The recrystallization and micronization for another API of
sulfathiazole were investigated in this study using the semicontin-
uous SAS process. Sulfathiazole is an effective antibacterial drug for
the treatment of gonorrhea, bacterial pneumonia, and other bacte-
rial infections. Its solubility in supercritical CO2 has been measured
by Kordikowski et al. [10]. The recrystallization of sulfathiazole
has been presented by Yeo et al. [11] using batch SAS process
where the resulted mean particle size was about 15 �m. Caputo and
Reverchon [12] have presented the micronization of sulfathiazole
using urea as the crystal habit modifier to obtain spherical parti-
cles with submicron mean size. The optimal operating parameters
for semicontinuous SAS process of sulfathiazole were experimen-
tally determined in this work in order to obtain particles with mean
size of 1–5 �m. The particle size in this range is feasible for inhala-
tion drug delivery. One motivation of this study was to investigate
the solvent effect on the production of different polymorphs of
sulfathiazole from the SAS process. Furthermore, the dissolution
rates for the original and SAS treated sulfathiazole particles were
also newly measured in a simulated intestinal fluid to justify its
further application in pharmaceutical industry. Two mathemati-

cal models were newly employed in this study to correlate the
experimental dissolution rate data of SAS processed sulfathiazole.
Quantitative results for the enhancement of dissolution rate and
the novelty in dissolution behavior after the SAS process are also
examined.

dx.doi.org/10.1016/j.cej.2010.08.075
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:ypchen@ntu.edu.tw
dx.doi.org/10.1016/j.cej.2010.08.075
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Nomenclature

a, b adjustable parameters in Weibull model
D diffusion coefficient
f1 difference factor
f2 similarity factor
hd thickness of the diffusion boundary layer
k1 first order release constant in the Noyes–Whitney

model
kw dissolution rate coefficient in the Weibull model
M molecular weight
m accumulated dissolved fraction
n number of experimental data points
Ri percentage of dissolved original sulfathiazole
Sa contacted surface area
Ti percentage of dissolved SAS treated sulfathiazole
Tm melting temperature
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. Experimental

.1. Chemicals

Carbon dioxide (CO2) was purchased from San-Fu Chemical
ompany, Taiwan, with a minimum purity of 99.8 mass%. Sulfathi-
zole (C9H9N3O2S2) was purchased from Sigma–Aldrich Company
ith a minimum purity of 99%. Acetone (C3H6O) and ethanol

C2H6O) were purchased from Merck Company with a minimum
urity of 99%. Monobasic potassium phosphate (KH2PO4) and
odium hydroxide (NaOH) were purchased from Sigma–Aldrich
nd Merck Companies, respectively, with a minimum purity of
9% for preparing the dissolution medium in the measurement
f dissolution rate. The structure of sulfathiazole and the melt-
ng temperatures of its five polymorphic forms [13,14] are listed
n Table 1.

.2. Experimental apparatus and procedures

.2.1. Particle micronization using semicontinuous SAS process
A semicontinuous SAS process was employed in this study

o micronize sulfathiazole. The experimental system was shown
n Fig. 1. High pressure CO2 was charged by a HPLC pump (SSI,
rep 100) into the precipitator from the outside of a coaxial
ozzle until the pressure and flow rate attained the steady val-
es. The CO2 flow rate was measured by a rotameter and was
djusted to 1 L/min (converted at the ambient condition) using the
icrometering valve at the exit of the precipitator. Pressure and

emperature in precipitator were controlled by a back pressure
egulator (Tescom) and heating jacket, respectively. The estimated

ccuracies for measured temperature and pressure were ±0.1 K and
0.03 MPa, respectively. The solution of sulfathiazole in solvent
as then introduced by another HPLC pump (SSI, Series II) through
capillary nozzle (15 cm long and internal diameter of 100 �m or
00 �m) into the precipitator from the inside of coaxial nozzle. The

able 1
haracteristic properties of sulfathiazole.

Compound CAS Formula M (kg/mo

Sulfathiazole 72-14-0 C9H9N3O2S2 0.2553
g Journal 165 (2010) 358–364 359

volume of the precipitator was 75 mL. The solution of sulfathiazole
contacted with supercritical CO2 in the precipitator. This caused a
rapid volume expansion, a decrease in liquid phase density, and
resulted in the supersaturation and recrystallization of sulfathia-
zole in a short time period. The micronized sulfathiazole particles
from this fast process were collected on the frit with pore sizes
of 0.5 �m at the bottom of the precipitator. After the SAS process,
CO2 was kept flowing through the precipitator as the drying pro-
cess for 1 h to remove the residual solvent inside the precipitator.
The recoveries for the micronized sulfathiazole under all operation
conditions were about 60–80%.

2.2.2. Characterization of products
The morphologies of the original and SAS treated sulfathiazole

were examined using the scanning electron microscope (SEM, JEOL,
JSM-5600). The particle size and size distribution can be measured
by either counting the particles from SEM images using software, or
by using dynamic laser scattering [15]. For the purpose of screening
the optimal process condition, this study determined the parti-
cle sizes and their distributions using the image analysis software
ImageJ [16]. At least 500 particles were counted from SEM images
to determine the mean particle size and particle size distribu-
tion. For particles with irregular shapes, we measured the longest
distance of opposite angles. The volume percentage particle size
distributions before and after the best operation condition were
also compared using dynamic laser scattering (Coulter LS 230). The
crystal structures of particles were studied using the differential
scanning calorimetry (Perkin Elmer, Jade DSC) with a heating rate of
5 K/min, and the X-ray diffractometer (PANalytical, X’ Pert) where
data were collected with 2� from 5◦ to 40◦ with a scanning rate of
3◦/min.

2.2.3. Dissolution rate test
Dissolution rates of the original and micronized sulfathiazole

particles were experimentally measured according to the criteria
of the USP [17]. The experiments were conducted in a simulated
intestinal fluid of 900 mL with pH value of 6.8. This dissolution
medium was prepared from an aqueous solution of monobasic
potassium phosphate and sodium hydroxide. The temperature of
this dissolution medium was kept at 310 K, and the speed of the agi-
tator was at 50 rpm. Accurately weighed samples were added into
the suspended basket in the dissolution medium. A small amount
of the solution was withdrawn at selected time intervals and fil-
tered through syringe filter with pore size of 0.45 �m. The dissolved
amount of sulfathiazole in the dissolution medium was detected
using an UV/vis spectrophotometer (Shimadzu, UV-1800) by mea-
suring the absorbance at a wavelength of 280 nm.

3. Results and discussion

3.1. Micronization of sulfathiazole using SAS process
Two solvents of acetone and ethanol were used in this study.
The solubilities of sulfathiazole at room temperature were deter-
mined by gravimetric method as 14.93 mg/mL in acetone, and
4.23 mg/mL in ethanol. The effects of six process parameters on

le) Tm (K) [13,14] Structure

474–475 (form I)

NH2 S N
H

O

O S

N469–470 (form II)
446–448 (form III)
423–443 (form IV)
448 (form V)
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ig. 1. Semicontinuous supercritical antisolvent (SAS) process apparatus. Valve d
hree-way needle valve; (E) micrometering valve. Element description: (1) CO2 cyli
ressure transducer; (8) thermometer; (9) solution reservoir; (10) coaxial nozzle; (

he particle sizes, morphologies and polymorphs of sulfathiazole
ere investigated in this study. These six parameters were the

ype of solvent (S), solution concentration (C), temperature (T),
ressure (P), solution flow rate (F) and nozzle diameter (Dn).
ll experimental results are listed in Table 2 and discussed as

ollows.

.1.1. The effect of solvent and solution concentration

In the investigations of solvent and solution concentration

ffects, the experimental temperature, pressure, solution flow rate
nd nozzle diameter were fixed at 308 K, 10 MPa, 1 mL/min and
00 �m, respectively. The results are shown in the experimental
un numbers 1–4 in Table 2. The mean particle size of original sul-

able 2
esults for sulfathiazole after SAS process under various operational conditions.

Exp. no. Operational conditions

S C (% sat.) T (K) P (MPa) F (mL/min

Original – – – – –
1 Acetone 60 308 10 1
2 Acetone 90 308 10 1
3 Ethanol 60 308 10 1
4 Ethanol 90 308 10 1
5 Acetone 90 308 12 1
6 Acetone 90 308 14 1
7 Acetone 90 318 10 1
8 Acetone 90 318 12 1
9 Acetone 90 318 14 1
10 Acetone 90 328 10 1
11 Acetone 90 328 12 1
12 Acetone 90 328 14 1
13 Acetone 90 308 12 1
14 Acetone 90 308 12 2
15 Acetone 90 308 12 2

he irregular crystal habit of the original and SAS processed sulfathiazole was observed fr
ion: (A) two-way needle valve; (B) check valve; (C) back pressure regulator; (D)
(2) cooler; (3) HPLC pump; (4) pre-heater; (5) heating jacket; (6) precipitator; (7)
lvent cold trap; (12) rotameter.

fathiazole was 43.0 ± 15.5 �m observed from its SEM image. It is
observed that smaller particles were obtained after the semicon-
tinuous SAS treatment when acetone was used as the solvent, as
indicated by comparing the results from run numbers 1 and 3 in
Table 2. When the solution concentration was increased from 60 to
90% of its saturation value for each solvent, there were decreases
in the mean particle size as shown in run numbers 2 and 4 in
Table 2. The degree of supersaturation was higher at a higher solu-

tion concentration for each solvent. Therefore, the induction time
for nucleation was shorter that caused the recrystallized smaller
particles. Graphical comparison for the solvent and solution con-
centration effects in this study is shown in Fig. 2. It is demonstrated
that the standard deviation (SD) of the particle size decreased

Particle size Polymorph form

) Dn (�m) Mean (�m) SD (�m)

– 43.0 15.5 III
100 4.9 2.1 I
100 3.3 1.5 I
100 16.9 10.5 IV
100 12.7 6.4 IV
100 2.2 1.1 I
100 3.4 1.5 I
100 3.8 1.6 I
100 4.0 1.6 I
100 3.5 1.5 I
100 4.4 1.8 I
100 5.9 2.1 I
100 6.9 3.0 I
200 2.3 1.2 I
100 2.1 0.8 I
200 2.1 1.1 I

om SEM images.
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ig. 2. Comparison of the particle size distribution for sulfathiazole due to solvent
S) and solution concentration (C) effects.

ignificantly after the SAS process. A more uniform particle size
istribution was obtained after the SAS treatment.

The crystal structures for the original and SAS treated sul-
athiazole in this study were examined using DSC and XRD.
ive polymorphs of sulfathiazole have been reported in literature
13,14]. The DSC result of the original sulfathiazole is shown in
ig. 3(a) with two endothermic peaks at 449 K and 475 K. The first
eak at a lower melting temperature was identical to that of poly-

orph form III [13,14]. In the DSC measurements, the original

ulfathiazole first showed a solid–solid phase transition at 449 K
rom polymorph form III to form I. Upon continuously increasing
he scanning temperature, we observed another solid–liquid tran-
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ig. 3. DSC results of sulfathiazole: (a) original (polymorph form III); (b) SAS treated
Exp. run number 2 in Table 2, polymorph form I); (c) SAS treated (Exp. run number
in Table 2, polymorph form IV).
Fig. 4. XRD patterns for sulfathiazole: (a) original (polymorph form III); (b) SAS
treated (Exp. run number 2 in Table 2, polymorph form I); (c) SAS treated (Exp. run
number 4 in Table 2, polymorph form IV).

sition, or the melting of polymorph form I at 475 K. Fig. 3(b) shows
that only one endothermic peak at 475 K was observed for poly-
morph form I, when acetone was used as the solvent in the SAS
process. Fig. 3(c) demonstrates two endothermic peaks at 431 K and
475 K. The first peak showed a solid phase transition from poly-
morph form IV to form I, when ethanol was used as the solvent.
The melting of polymorph form I was again observed at 475 K. The
XRD patterns for the original and SAS treated sulfathiazole using
two solvents are presented in Fig. 4. Through comparisons with the
literature XRD patterns for various polymorphs of sulfathiazole, it
is confirmed that the micronized particles with polymorph form I
or form IV were obtained using acetone or ethanol as the solvent,
respectively.

3.1.2. Effect of temperature and pressure
From the discussion in Section 3.1.1, acetone was selected as

the solvent for the objective of smaller mean particle size after
the SAS treatment. The solution concentration was maintained at
a higher value of 90% saturation that was favorable to smaller par-
ticle production. We continued to investigate the temperature and
pressure effects at the fixed solution flow rate of 1 mL/min and noz-
zle diameter of 100 �m. The results of temperature and pressure
effects are shown in the experimental run numbers 2, and 5–12
in Table 2. At fixed operating pressure of 10 MPa, the mean parti-
cle sizes increased with temperature as shown by run numbers 2, 7
and 10 in Table 2. The possible explanation is owing to the decrease
in degree of supersaturation at the higher operating temperature.
The similar trend was observed at the fixed operating pressure of
12 MPa and 14 MPa, respectively.

The operation parameters in the antisolvent process often
showed competing effects [18]. The process parameters of temper-

ature and pressure had the competing effects in our SAS process.
At a fixed temperature, increase of pressure might cause a higher
volume expansion. This resulted in increasing nucleation rate and
hence the smaller size particle formation. On the other hand, the
increasing pressure might reduce the diffusion and evaporation
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ig. 5. Comparison of the particle size distribution for sulfathiazole due to temper-
ture (T) and pressure (P) effects.

ate between CO2 and the organic solvent. This competing effect
esulted in the aggregation of products and the larger size particle
roduction. Temperature was another competing process parame-
er in our SAS experiments at a fixed pressure. The nucleation rate
f sulfathiazole solute might increase with increasing temperature
nd resulted in smaller size particle production. The decrease in the
egree of supersaturation with increasing temperature, however,
aused larger size particle formation. Examining our experimental
esults shown in Table 2, the supersaturation effect was a dominant
actor for the micronization of sulfathiazole.

At a fixed temperature of 308 K, the mean particle size firstly
ecreased with increasing pressure from 10 MPa to 12 MPa due to a
igher volume expansion effect of CO2 as indicated by run numbers
and 5 in Table 2. The mean particle size increased again at an even
igher pressure of 14 MPa as shown by run number 6 in Table 2. This

s probably due to the aggregation of recrystallized sulfathiazole. At
he operating temperature of 318 K, pressure effect on the result-
ng particle size was not obvious as shown by run numbers 7–9 in
able 2. This might be owing to the balance of the volume expan-
ion and aggregation effects. The mean particle size increased with
ressure at 328 K as shown by run numbers 10–12 in Table 2 where
he aggregation of SAS treated products became more significant.
raphical comparison for all temperature and pressure effects in

his study is illustrated in Fig. 5. The DSC and XRD examinations had
een conducted for each experimental run. It is depicted in Table 2
hat the original sulfathiazole changed from form III into form I
hen acetone was used as the solvent for all operating temperature

nd pressure conditions in our SAS experiments.

.1.3. Effect of solution flow rate and nozzle diameter
From the discussions in Section 3.1.2, it is shown that the experi-

ental condition at 308 K and 12 MPa yielded smaller mean particle
ize after the SAS treatment. We further investigated the effects due
o solution flow rate and nozzle diameter at this operating tem-
erature and pressure. The results are expressed by run numbers
3–15 in Table 2. The mixture critical points for the binary system
f CO2 and acetone were 8.0 MPa and 9.6 MPa at 313 K and 333 K,

espectively [19]. Our SAS operations were all in the homogeneous
hase above the mixture critical points. The effects of nozzle diam-
ter and solution flow rate were not significant owing to the similar
mprovement of mass transfer in our SAS processes.
Fig. 6. SEM images for sulfathiazole: (a) original; (b) SAS treated (Exp. run number
14 in Table 2).

The optimal operating conditions were finally determined as
experimental run number 14 in Table 2 with smaller mean particle
size and its distribution. The mean particle size of sulfathia-
zole was micronized from its original value of 43.0 ± 15.5 �m to
2.1 ± 0.8 �m. Comparison of the SEM images of the original and
micronized sulfathiazole particles at the optimal operating con-
ditions is shown in Fig. 6. The crystal habits for the original and
SAS processed sulfathiazole were all irregular as shown in Fig. 6(a)
and (b), respectively. Graphical illustration for the particle size
distribution (vol.%) between the original and SAS treated sulfathia-
zole at the optimal operating condition, measured by the dynamic
laser scattering, is shown in Fig. 7. It is demonstrated that much
smaller sulfathiazole particles with narrower size distribution were
obtained after the semicontinuous SAS process.

3.2. Results for the dissolution rate of sulfathiazole

Three samples were investigated for the dissolution rate mea-
surements: (1) the original sulfathiazole (polymorph form III), (2)
the SAS treated sulfathiazole using acetone as the solvent (poly-
morph form I from experimental run number 14 in Table 2), and
(3) the SAS treated sulfathiazole using ethanol as the solvent (poly-
morph form IV from experimental run number 4 in Table 2). The
dissolution profiles are illustrated in Fig. 8. It is demonstrated that
the SAS treated sulfathiazole yielded the higher dissolution rate.

The dissolution rate of the micronized sulfathiazole with poly-
morph form I also showed more enhanced dissolution rate than
that with polymorph form IV. In this study, two empirical models
were applied to fit the dissolution rate data. The Weibull model [20]
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as expressed as:

= 1 − exp

(
− tb

a

)
(1)

here m is the accumulated fraction of API in a dissolution medium
t time t, a and b are two empirical parameters that were optimally
tted using the experimental data. Based on the Weibull model, the
issolution rate coefficient (kw) was defined as the reciprocal of the
ime interval where 63.2% of the original amount of API has been
issolved. The dissolution rate coefficient (kw) has been adopted

n literature for comparing the dissolution profiles [21,22]. It was
alculated from the parameters in the Weibull model as:
w = 1
b
√

a
(2)
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Our experimental dissolution data were also fitted by the
Noyes–Whitney model [23]:

m = 1 − exp(−k1t) (3)

where m is also the accumulated dissolved fraction of the API at
time interval t, and k1 is a first order release constant. The k1 con-
stant is related to the diffusion coefficient (D) and the contacted
surface area (Sa) between the API and the dissolution medium as:

k1 = DSa

Vhd
(4)

where V is the volume of the dissolution medium, and hd is the
thickness of the diffusion boundary layer.

The similarity for the behavior of dissolution profiles of a specific
API is also important for pharmaceutical application. The difference
factor (f1) and similarity factor (f2) were applied in this study to
determine if the dissolution behavior of the SAS treated sulfathi-
azole was different from the original API. These two factors were
defined as:

f1 =
∑n

i=1|Ri − Ti|∑n
i=1Ri

× 100 (5)

f2 = 50 × log

[(
1 + 1

n

∑n

i=1
|Ri − Ti|2

)−0.5
× 100

]
(6)

where Ri and Ti are the percentages of the dissolved sulfathia-
zole of the original and SAS treated samples at a time interval
i, respectively. The summation in the above two equations are
over all n data points. These factors have been used to compare
the similarity of dissolution profiles for different dosage forms in
literatures [24,25]. For different dissolution behaviors of two sam-
ples, f1 value should be greater than 15 and f2 value should be
lower than 50. The similarity factor (f2) also has been adopted
by food and drug administration (FDA) and European medicines
agency (EMEA) as a criterion for the assessment of dissolution
profiles.

Table 3 lists the optimally fitted parameters of the Weibull
and Noyes–Whitney models. The calculated dissolution rate con-
stants of the Weibull model, the first order release constant of
the Noyes–Whitney model, the difference factors, and the sim-
ilarity factors are also shown in Table 3. The dissolution rate
coefficient (kw) of the micronized sulfathiazole with polymorph
form I and form IV showed higher dissolution rates by 3.2 and
2.2 times, respectively, than the original API with polymorph
form III. The similar enhancement effect was obtained by exam-
ining the first order release constant (k1) of the Noyes–Whitney
model. The difference factors (f1) for SAS treated and micronized
sulfathiazole particles were greater than 15, and the similarity
factors (f2) were also lower than 50. These results confirmed
that the dissolution profiles after the SAS treatments were sig-
nificantly different from the original sulfathiazole. It is also
observed from Table 3 that the micronized sulfathiazole with
polymorph form I had a greater degree of enhancement of dis-
solution when acetone was used as the solvent in the SAS
process.

The enhanced dissolution rate of micronized particles is closely
related to the increase in surface area [26]. The order of dissolu-
tion rates for various polymorphs of sulfathiazole measured in this
study was consistent with those reported by Anwar and Khoshkhoo

[27]. Polymorph I received in our SAS experiments had the lowest
intensity of crystallinity shown by the XRD patterns in Fig. 4, and
hence the highest dissolution rate. The interactions between the
solvent and the recrystallized solid surface yielded the major con-
tribution for the formation of polymorphs in the supercritical fluid
process.
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Table 3
The calculated results for the dissolution of the original and SAS processed sulfathiazole.

API of sulfathiazole Weibull model Noyes–Whitney model f1 f2

a b kw

(min−1)
Degree of
enhancement

k1 (min−1) Degree of
enhancement
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Original (polymorph form III) 89.19 0.984 0.0
SAS treated (Exp no. 14, polymorph form I) 28.50 0.985 0.0
SAS treated (Exp no. 4, polymorph form IV) 35.36 0.948 0.0

. Conclusion

The API of sulfathiazole was recrystallized and micronized in
his study using the semicontinuous supercritical antisolvent pro-
ess. The effects of the type of solvent, solution concentration,
emperature, pressure, solution flow rate and nozzle diameter were
xperimentally investigated to obtain the smallest particles with
he narrowest particle size distribution. The optimal operating
onditions were determined when acetone was used as the sol-
ent with solution concentration at 90% saturation. The optimal
perating conditions were at 308 K, 12 MPa, solution flow rate of
mL/min (converted at the ambient condition) and nozzle diam-
ter of 100 �m. The resulting mean particle size at these optimal
perating conditions was 2.1 ± 0.8 �m that was much smaller than
he original mean size of 43.0 ± 15.5 �m. The micronized sulfathi-
zole at the optimal operating conditions had polymorphic form I.
he dissolution rate of the optimally micronized sulfathiazole was
nhanced to 3.2 times of the untreated particles.
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