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Abstract Carrageenan-based functional films were prepared by adding two different types of sulfur nanoparticles (SNP)
synthesized from sodium thiosulfate (SNPS'S) and elemental sulfur (SNP®®). The films were characterized using Fourier
transform infrared spectroscopy (FT-IR), X-ray diffraction spectroscopy (XRD), and thermal gravimetric analysis (TGA).
Also, film properties such as UV-visible light transmittance, water contact angle (WCA), water vapor permeability (WVP),
mechanical properties, and antibacterial activity were evaluated. SNPs were uniformly dispersed in the carrageenan matrix
to form flexible films. The addition of SNP significantly increased the film properties such as water vapor barrier and surface
hydrophobicity but did not affect the mechanical properties. The carrageenan/SNP composite film showed some antibacterial
activity against foodborne pathogenic bacteria, L. monocytogenes and E. coli.
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Introduction

The increasing environmental concerns of plastic waste and
the depletion of natural resources have raised interest in
renewable polymer-based environmentally-friendly packaging
materials. In addition, with the recent increase in demand for
safe and high-quality foods by general consumers, the need
for functional packaging with antibacterial and antioxidant
properties in the food packaging field is also increasing.
Accordingly, functional packaging materials based on biopolymers
have emerged due to impressive characteristics of biopolymers
such as abundant availability, renewability, biodegradability,
biocompatibility, and the potential for the development of
novel functional composite materials’. As one of such bio-
polymers, carrageenan has been widely used for the preparation of
functional packaging films due to the excellent film-forming
property with high mechanical strength®®. Carrageenan is a
group of sulfated polysaccharides isolated from cell walls of
red seaweed™>). Carrageenan is a linear polymer made up of
a repeating disaccharide unit of sulfated galactose and
anhydrous-galactose connected via a-1,3 and B-1,4 glycosidic
linkages. However, the industrialization of packaging films
using carrageenan has been limited due to the inherent
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hydrophilicity and low physical properties of carrageenan
films. As one of the methods of solving the problem of the
carrageenan film, a method of manufacturing a functional
composite material by adding various types of functional
fillers such as AgNP, ZnO NP, and CuO NP has been
proposed>®”. The addition of such nanofillers not only
improved the mechanical and gas barrier properties but also
provided functional features such as antimicrobial, antioxidant,
and UV-barrier properties?.

Recently, nano-sized sulfur or sulfur nanoparticles (SNP)
have been newly suggested for the use as a functional filler for
the preparation of functional food packaging films®%1%1D),
Sulfur nanoparticles (SNP) have unique chemical properties
and biological activities and find extensive applications such
as antimicrobial and anticancer agents, pesticide, pharmaceuticals,
cosmetics, and synthesis of nanocomposites for lithium
batteries'”. The biological activity of elemental sulfur has
long been known, but its hydrophobicity has limited its
practical application. However, elemental sulfur is nowadays
readily available for aqueous applications in the form of sulfur
nanoparticles, which is a convenient solution to extend the
biological applications of sulfur'®. Preparation of sulfur
nanoparticles from different sulfur-containing materials such
as hydrogen sulfide'”, sodium thiosulfate,'” and different
polysulfide salts'>'> has been proposed to promote the use of
sulfur. Also, a method of preparation of sulfur nanoparticles
using low priced elemental sulfur has been developed for the
high value-added utilization of the sulfur nanoparticles'>!®.

To date, there are limited reports on the manufacture of
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functional nanocomposite films containing sulfur nanoparticles,
in particular no work on the use of carrageenan. Although
prepared SNP from sodium thiosulfate has been used for the
preparation of bio-nanocomposite films before, the prepared
SNP from elemental sulfur has not been employed for this
purpose yet.

Hence, the main objectives of this study were to synthesize
sulfur nanoparticles using two different sulfur precursors,
elemental sulfur and sodium thiosulfate, and to prepare carrageen-
based functional composite films incorporated with the sulfur
nanoparticles and compare their properties. The effect of
sulfur nanoparticles on the film properties such as UV-barrier,
mechanical strength, water contact angle, water vapor permeability,
and antibacterial activity was evaluated.

Material and methods

1. Materials

Elemental sulfur, sodium sulfide pentahydrate (Na,S-5H,0),
acetic acid, and hydrochloric acid were purchased from
Daejung Chemicals & Metals Co., Ltd. (Siheung, Gyeonggi-
do, Korea). Sodium thiosulfate was obtained from Sigma-
Aldrich (St. Louis, MO, USA). Food grade k-carrageenan and
chitosan (CS-001, source: shrimp, viscosity:110 cp in 1%
acetic acid solution at 25°C, degree of deacetylation: 90%)
were obtained from Fine Agar Co. Ltd. (Damyang, Jeonnam,
Korea). Tryptic soy broth (TSB), brain heart infusion broth
(BHI), and agar powder were procured from Duksan Pure
Chemicals Co. Ltd (Ansan, Gyeonggi-do, Korea). Escherichia
coli O157: H7 ATCC 43895 and Listeria monocytogenes
ATCC 15313 were obtained from the Korean Collection for
Type Cultures (KCTC, Seoul, Korea). The test bacteria were
cultured in TSB and BHI agar media, respectively, and stored
at 4°C before testing.

2. Preparation of sulfur nanoparticles

Two different types of sulfur nanoparticles (SNP) were
prepared using different sulfur sources, elemental sulfur
(SNP®S) and sodium thiosulfate (SNPSTS), following the
previously described methods'®!?. For the preparation of the
SNPFS, 20 mL of sodium sulfide (1 M) was heated to 100°C,
and 1.6 g of molecular sulfur was added and stirred for 1 h.
The yellow color of molecular sulfur turned reddish-orange,
indicating the formation of polysulfide, then mixed with 40 mL
of chitosan solution dissolved in acetic acid (0.5 wt% in 1wt%
acetic acid). And added hydrochloric acid solution (18 wt%)
to the solution with stirring, then the solution turned milky
white and precipitated sulfur nanoparticles. In this process,
sulfur nanoparticles are formed following reactions:

(x—1)S +Na,S— Na,S, )
Na,S, +2HCl — 2NaCl + H,S + (x — 1) S | @

The precipitated SNP was collected by centrifugation at
8000 rpm and washed with distilled water three times, and
dried at 50 °C for 24 h, and the SNP obtained was designated
SNP®S. For the preparation of SNPS™S, 2.482 g of sodium
thiosulfate was dissolved in 900 mL of distilled water, added
100 mL of 0.2 N HCI solution with continuous stirring. Then
50 mL of 0.5% (w/v, chitosan/1% acetic acid) was added with
stirring for 1 h. The SNP was collected and washed repeatedly
and dried at 50°C for 24 h, and the SNP obtained was designated
SNPSTS, In this process, SNP is formed via the following
disproportionation reaction:

Na,$,0;+ 2HCI — 2NaCl + SO, +S | +H,0 3

3. Preparation of films

For the preparation of carrageenan/SNP composite films,
first 0.08 g of SNP (2 wt% based on carrageenan) was added
to 150 mL distilled water containing 1.2 g of glycerol and
homogenized using a high shear blender mixer (IKA T50
digital Ultra Turrax, Germany) for 10 min and sonicated using
a probe-type sonicator (Model VCX 750, Sonics & Materials
Inc., Newtown, CT, USA) for 20 min. Then, 4 g carrageenan was
added to the SNP suspension and heated for 30 min at 90°C with
vigorous stirring. The film solution was cast on a Teflon-
coated glass plate (24 cm x 30 cm) and dried at room temperature.
The neat carrageenan film without SNP was prepared following
the same procedure. Dried films were kept in a humidity
chamber (25°C and 50% RH) before tests. The prepared films
were designated Carrageenan, Carr/SNPS™S, and Carr/SNPES
films, respectively, depending on the types of SNP addition.

4. Characterization of nanoparticles and nano-
composite films

4.1. UV-vis spectroscopy

A UV-visible spectrophotometer (Mecasys Optizen POP
Series UV/Vis, Seoul, Korea) was used to confirm the
formation of SNP and to determine the light transmittance of
the film at 280 nm (T,g,) and 660 nm (Tq).

4.2. Morphology

The surface morphology of the film sample, which was
vacuum sputter coated with platinum, was observed using a
field emission scanning electron microscope (FE-SEM,
SU8000, Hitachi Co., Ltd., Matsuda, Japan) with an acceleration
voltage of 2kV and a current of 7.4 pA.

4.3. Fourier transform infrared (FTIR) spectroscopy

Fourier transform infrared (FTIR) spectra of the film sample
were recorded using the ATR-FTIR spectrometer (TENSOR
37 Spectrophotometer with OPUS 6.0 software, Billerica,
MA, USA) in the range of 4000-400 cm™ with an average
resolution of 32 scans at 4 cm’'.
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4.4, Thermal stability

The thermal stability of the film sample was evaluated using
a thermogravimetric analyzer (Hi-Res TGA 2950, TA
Instrument, New Castle, DE, USA) at a heating rate of 10°C/
min in the temperature range of 30-600°C under a nitrogen
flow of 50 cm/min.

4.5. XRD

X-ray diffraction pattern of the film sample was obtained
using an XRD diffractometer apparatus (PANalytical X’ pert
Pro MRD Diffractometer, Amsterdam, Netherlands) operating
at the voltage of 40 kV and a current of 40 mA in the range
of 26 =5-80°

4.6. Surface color

The surface color of the film sample was measured using a
Chroma meter (Konica Minolta, CR-400, Tokyo, Japan) with
a white color plate (L =97.75, a=-0.49, and b =1.96) as a
standard background. The Hunter color values (L, a, and b)
were taken at five random points on the surface, and the
average value was recorded. The total color difference (4E)
was calculated as follows:

AE=[(4L) *+ (da)* + (bY]"? O]

where 4L, Aa, and Ab are the difference between each color
values of the standard color plate and film sample, respectively.

4.7. Mechanical properties

The thickness of film samples was measured using a hand-
held digital micrometer (Mitutoyo, Model MCD-1 PXF, Mitutoyo
Corp. Kawasaki, Japan) with a precision of 0.001 mm.

The mechanical properties such as tensile strength (TS),
elongation at break (EB), and elastic modulus (EM) were
measured using an Instron Universal Testing Machine (Model
5565, Instron Engineering Corporation, Canton, MA, USA)
according to the ASTM Method D 882-88. Film samples were
cut into rectangular strips (2.54 cm % 15 cm) using a precision
double blade cutter (model LB.02/A, Metrotech, S. A. San
Sebastian, Spain). The machine was operated with an initial
grip separation of 50 mm and a crosshead speed of 50 mm/min.
Fifteen strips were tested for each film, and the average value
was presented.

4.8. Water contact angle (WCA)

The water contact angle (WCA) of the film sample was
measured using a WCA analyzer (Phoneix 150, Surface Electro
Optics Co., Ltd., Kunpo, Korea). A rectangular piece of film
(3cm x 10 cm) was fixed on the horizontal movable stage
(Black Teflon coated steel, 7 cm x 11 cm) of the WCA analyzer.
The WCA was measured soon after dropping a water drop
(~10 uL) using a microsyringe.
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4.9. Water vapor permeability (WVP)

The WVP of the film samples was determined gravimetrically
according to the ASTM E96-95 standard method. A film
sample (7.5 cm x 7.5 cm) was attached to a WVP cup (2.5 cm
depth and 6.8 cm diameter) containing 18 mL of distilled water
and sealed. The assembled WVP cup was in a humidity chamber
(model FX 1077, Jeio Tech Co. Ltd., Ansan, Korea) controlled
at 25°C and 50% RH, and the weight of the cup was recorded
at 1h interval for 8?h. The water vapor transmission rate
(WVTR, g/m?.s) was determined from the slope of the weight
change of the cup vs. time plot. Then, the WVP (g.m/m?.Pa.s)
of the film was calculated as follows:

WVP = (WVTR x L)/Ap ()

Where L was the mean film thickness (m), and Ap was the
partial water vapor pressure difference (Pa) across the two
sides of the film, which was calculated by the method of
Gennadios et al.'®.

4.10. Antibacterial activity

The antibacterial activity of the film samples was evaluated
against foodborne pathogenic Gram-positive (L. monocytogenes)
and Gram-negative (E. coli) bacteria using a total viable
colony count method!. The test bacteria (L. monocytogenes
and E. coli) were aseptically inoculated in the TSB and BHI
broth, respectively, and cultured for 16 h at 37°C with mild
shaking. The inoculum (10%-10° CFU/mL) was diluted to
obtain the bacterial concentration around 10°-10° CFU/mL.
20 mL of the diluted inoculum was aseptically transferred to
flasks containing 100 mg of film samples and incubated at
37°C for 12?h with mild shaking at 100 rpm. Samples were
taken out from the culture broth every 3 h interval and plated
on agar plates after appropriate dilution to determine viable
cell counts.

5. Statistical analysis

Film properties were measured with individually prepared
films in triplicate as the replicated experimental units, and the
results were presented as mean = SD (standard deviation). One-
way analysis of variance (ANOVA) was performed, and the
significance of each mean value was determined (p <0.05)
with Duncan's multiple range tests using the SPSS software
(SPSS Inc., Chicago, IL, USA).

Results and discussion

1. Appearance and surface morphology of the film
The carrageenan and carrageenan/SNP composite films
were flexible and transparent. The appearance and surface
microstructure of the films are shown in Fig. 1.
The neat carrageenan film was highly transparent without
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Fig. 1. Appearance and SEM images of the carrageenan-based films.

any color. By the way, the SNP incorporated carrageenan
films (Cart/SNPS™S and Carr/SNP®S) milky white color with
lower transparency than the neat carrageenan film. The decrease
in the transparency of the composite films can be due to the
light scattering at high wavelengths by the SNP'°. However,
between the two composite films, the Carr/SNPS™ film was a
little bit more transparent than the Cart/SNP®® film. The lower
transparency of Carr/SNP®S may be due to the higher degree
of aggregation of SNP" compared with SNPS™ in the
polymer matrix, as shown in the SEM images. As shown in
the SEM images, the surface of the neat carrageenan film was
smooth and intact without any defects. However, the surface
of the composite films was slightly rougher than the neat
carrageenan film. Due to the hydrophobicity of sulfur, SNPs
were not completely dissolved in the hydrophilic polymer
matrix but were evenly distributed in the form of nanoparticles.

2. FTIR and XRD
The FTIR test was performed to find the molecular-level
interaction between the polymer and the SNPs, and the results
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Fig. 2. FT-IR spectra of the carrageenan-based films.

are shown in Fig. 2.

The absorption bands at 3325 cm™ and 2905 cm™ were due
to the stretching vibration of hydroxyl groups and C-H vibration,
respectively. Peaks at 1650 and 1425 cm™ were attributed to
the adsorbed water. Absorption bands of the sulfate ester
group, C-O bonds of 3,6-anhydro-D-galactose, and C-O-SO;
of D galactose-4-sulfate appeared at 1220 cm™, 917 cm!, and
835 cm!, respectively.?) The FTIR results showed that there
were no observable changes in the position and peak intensity
of the carrageenan film by the addition of SNPs. The FTIR
results indicate that there were no significant molecular-level
interactions formed between the carrageenan polymer matrix
and SNPs?”.

The crystalline nature of the film samples was tested using
X-ray diffraction (XRD) analysis, and the XRD patterns of the
carrageenan and carrageenan/SNP composite films are shown
in Fig. 3.

It has been reported that the SNP has characteristic
diffraction peaks in the range of 20-50°'>. However, the
carrageenan/SNP films did not show any additional peaks of
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Fig. 3. XRD patterns of the carrageenan-based films.
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Table 1. Apparent color and light transmittance of carrageenan-based films
Film L a b 4E Tyg9 (%) Te60 (70)
Carrageenan 91.26 £0.12° —0.470.02¢ 546+0.18% 1.17+£0.22% 71.8+1.6° 90.0 £ 0.4¢
Carr/SNPFS 91.51£0.05° —-0.870.0° 7.48 £ 0.09° 2.99 £ 0.09° 394+ 1.5% 47.8+1.3%
Carr/SNPSTS 91.53+0.01° —0.760.04° 6.80 £ 0.22° 2.32+021° 49.6+ 1.4° 64.7+0.7°

The values are presented as mean+standard deviation. Any two means in the same column, followed by the same letter are not sig-

nificantly (p > 0.05) different from Duncan's multiple range tests.

SNP compared with the neat carrageenan film. This may be
due to the low concentration of SNP, which was embedded
inside the polymer'". Similarly, the XRD diffraction peaks of
SNP were not observed in other biopolymer-based films such
as chitosan and alginate films incorporated with an even
higher content of SNP (3 wt%) than the current study (2
Wi%e)>1D.

3. Optical properties

The surface color and light transmittance of the carrageenan
and carrageenan/SNP composite films are shown in Table 1.

The neat carrageenan film was transparent without any
color. The addition of sulfur nanoparticles increased lightness
(L-value) and greenness (decrease in a-value) slightly and
increased yellowness (b-value) significantly, and consequently
increased total color difference (4E) of carrageenan film. The
increased greenness and yellowness of the carrageenan/SNP
films was due to the slightly yellowish sulfur nanoparticles'".
tween the SNPs, the effect of SNPES on the film surface color
was more pronounced than that of SNPS™S, The higher b-value
of Carr/SNP® was probably due to the higher degree of
aggregation of SNPFS than SNPS™ in the polymer matrix, as
observed in the SEM results (Fig. 1).

The light transmittance of the carrageenan film at UV and
visible light wavelengths was very high, with the T,q, and
Tee0 Of 71.8% and 90%, respectively, indicating that the film
is highly transparent to both UV and visible lights. However,
the addition of SNPs reduced the light transmittance
significantly (p <0.05). The decreased light transmittance of
the carrageenan/SNP composite films was mainly due to the
light scattering and prevention of light passage by the nano-
sized sulfur particles distributed in the polymer matrix!®?.
The lower light transmittance of the Carr/SNP®® film compared
to the cart/SNPST® film was also due to the higher degree of

aggregation of SNPS 3.

4. Mechanical properties

The thickness of the carrageenan and carrageenan/SNP
films are shown in Table 2.

The addition of SNPs increased the thickness of the
carrageenan film, but the increase was not statistically
significant (p > 0.05). Similarly, the thickness of the chitosan
film to which the same amount of SNP (2.0 wt% based on the
polymer) was added as in the current work did not change
significantly'V.

Table 2 also shows the mechanical properties such as the
tensile strength (TS), elongation at break (EB), and elastic
modulus (EM) of the carrageenan and carrageenan/SNP films.
The carrageenan film was relatively strong and stiff, with low
flexibility. The addition of SNPs did not significantly influence
the mechanical properties of the carrageenan film. A similar
effect of the addition of SNP was observed in the chitosan-
based film'"”. An even distribution of SNP in the polymer
matrix and the interaction between them may preserve the
mechanical strength of the film to maintain the same level of
the mechanical properties.

5. Water contact angle (WCA) and water vapor
permeability (WVP)

The surface wettability (or surface hydrophilicity) and water
vapor barrier properties of packaging films are usually evaluated
by measuring the WCA and WVP of the film, respectively.
In order to increase the water-resistance or water vapor barrier
of the biopolymer film, a method of adding a hydrophobic
nanofiller to a hydrophilic biopolymer is generally used?".
The WCA and WVP of the carrageenan and carrageenan/SNP
films are also shown in Table 2. Typically, a film with a WCA
less than 65° is considered as hydrophilic*?. The WCA of the

Table 2. Mechanical properties, water contact angle, and water vapor permeability of carrageenan-based films

Film Thickness (um) TS (MPa) EM (MPa) EB (%) WCA (°)  |WVP (x10° g.m/m> Pa.s)
Carrageenan 522+5.0% 40.9 +4.4° 1394 £ 211* 8.0+29% 572+£3.7% 1.66 £ 0.13¢
Carr/SNPES 55.5+5.0° 40.8 + 4.6 1285 + 1532 88+ 1.7 712 £2.0° 1.29 +0.13*
Carr/SNPSTS 55.1 +3.5° 42947 | 1365+ 199* 8.1+2.8° 70.8 + 1.4 1.36+0.17

The values are presented as meantstandard deviation. Any two means in the same column, followed by the same letter are not sig-

nificantly (p > 0.05) different from Duncan's multiple range tests.



130 Jong-Whan Rhim et al. Korean Journal of Packaging Science & Technology

neat carrageenan film was 57.2° thus, it is classified as a
hydrophilic film as other biopolymer films. However, the
WCA of the film increased significantly, up to 72° by the
addition of SNP, which can be considered to have a hydrophobic
surface. The increased hydrophobicity of the Cart/SNPS™S and
Carr/SNPS films was mainly due to the even distribution of
the hydrophobic sulfur nanoparticle in the carrageenan
polymer matrix'".

The WVP of the neat carrageenan film was 1.66x10” g.m./
m?.Pa.s, which is consistent with the previously reported
results>®. The addition of SNPs significantly reduced the
WVP of the film by 18-22%, depending on the type of SNP.
The decrease in the WVP of the carrageenan/SNP composite
films was agreed well with the result of the WCA. The
reduced WVP of the carrageenan/SNP composite films can be
due to the reduced water vapor solubility at the film surface as
well as the hindered water vapor diffusional path by the SNP
in the polymer matrix>>2>.

6. Thermal stability

The thermal stability of the carrageenan and carrageenan/
SNP composite films were tested using TGA, and the results
of TGA and DTG thermograms are shown in Fig. 4. The
films' thermal degradation occurred at three stages; 80-110°C,
170-220°C, and 220-320°C due to the evaporation of adsorbed
water, evaporation of glycerol, and decomposition of carrageenan,
respectively. In the first stage of thermal degradation, the
difference in weight loss depending on the films was primarily
due to their moisture content. In general, the addition of SNP
did not influence the thermal stability of the carrageenan film,
which was also observed in the chitosan-based film'D.

7. Antibacterial activity

Antibacterial activity of the carrageenan and carrageenan/
SNP composite films was evaluated using two foodborne
pathogenic bacteria, E. coli and L. monocytogenes, and results
are shown in Fig. 5. Both test bacteria grew logarithmically in
the control group containing carrageenan film, but the Gram-
positive bacteria (L. monocytogenes) grew faster than the
Gram-negative bacteria (F. coli). L. monocytogenes grew
initially from 6.3 Log(CFU/mL) to 9.7 Log(CFU/mL) after
12 h of incubation in the carrageenan film containing group,
but E. coli grew from 6.15 Log(CFU/mL) to 8.8 Log(CFU/
mL) for the same incubation time. Compared with the control
group, the SNP containing films showed distinctive antibacterial
activity depending on the type of test bacteria. The SNP
containing films showed more pronounced antibacterial activity
against L. monocytogenes than E. coli., i.e., they showed
bacteriostatic activity against L. monocytogenes showing 2.1-
2.5 Log(CFU/mL) lower than the control group after 12 h of
incubation. Still, they showed slightly reduced growth of E.
coli showing only 0.5-0.7 Log(CFU/mL) lower than that of

the control group after 12h of incubation. Although the
antifungal activity of sulfur has been known for a long time,
the antibacterial activity of sulfur nanoparticles has not been
extensively investigated. Previously, Libenson et al.?®. showed
that small particles of elemental sulfur have antibacterial
activity against some Gram-positive bacteria, but most Gram-
negative bacteria, including E. coli, are resistant against
elemental sulfur. They also found that the smaller the particle
of elemental sulfur, the better the antibacterial activity.
Recently, the antibacterial activity of sulfur nanoparticle has
been investigated. Paralikar and Rai'® reported on the
antibacterial activity of SNP against E. coli and S. aureus.
Suleiman et al*”. reported that Gram-negative bacteria, like E.
coli, was not inhibited by SNP. Their findings are in good
agreement with the current results of the antimicrobial activity
of SNPs on the differential activity against Gram-positive and
Gram-negative bacteria. As for the type of SNPs, the SNPFS-
added film showed slightly higher antimicrobial activity than
the SNPSTS-added film, but the difference was not significant.
It is important to note that SNP¥S-added films have similar or
higher antimicrobial activity compared to SNPSTS-added
films. Because SNP®® can be produced in a simple process
using inexpensive and abundant elemental sulfur'®, mass
production of sulfur nanoparticles for industrial use can be
made easily.

The antimicrobial action of sulfur and sulfur nanoparticles
has not yet been revealed. Still, explanations have been
proposed in which sulfur and SNP react with sulfur-containing
enzymes to inactivate these enzymes, thereby releasing toxic
hydrogen sulfide gas?*?®.

Conclusions

Two different types of sulfur nanoparticles were synthesized
using a different source of sulfur, sodium thiosulfate, and
elemental sulfur, and they were used for the preparation of
carrageenan-based functional films. The addition of SNPs
increased the water vapor barrier and surface hydrophobicity
and provided some antibacterial activity but did not affect the
mechanical properties of the carrageenan film. Above all, the
film properties of the carrageenan film containing SNP were
similar regardless of the type of SNP. Therefore, the method
of preparing SNPs from elemental sulfur may be used as a
more convenient and environmentally friendly method of
producing SNPs using an abundant source of elemental sulfur.
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