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Heterogeneous oxidation of sulfacetamide in aquatic environment
using ultrasonic and nano-Fenton: kinetics intermediates and bioassay test
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ABSTRACT

In present study, degradation of sulfacetamide from a synthetic wastewater by sonofenton process
using zero valent iron nanoparticles was investigated. The synthesized iron nanoparticles were char-
acterized using transmission electron microscopy (TEM), UV-visible and X-ray diffraction pattern
(XRD). The effect of various parameters, such as pH, nZVI dose, H,O, concentration and contact time
was studied with batch experiments. The removal efficiency of sulfacetamide by US/nZVI/H,0,
process was about 91% for reaction time of 60 min, but less than 27% of chemical oxygen demand
(COD) was removed. Kinetics studies showed that the degradation of sulfacetamide fitted well to the
pseudo-second-order model. Using the LC/MS device, five intermediate from degradation of sul-
facetamide were detected. The toxicity test, using micro toxicity study also showed that the effluent
from the sono-Fenton reactor has a lower toxicity than sulfacetamide antibacterial.
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1. Introduction

Pharmaceuticals consist a large family of human and
veterinary medicines, and agricultural products, which
have been consumed for many decades [1]. The presence
of this compounds in aquatic environment has received
increasing attention as emerging contaminates [2]. Anti-
biotics are a wide range of pharmaceutical compounds,
because, due to their persistent nature, they are not treat-
able in the biological step of sewage treatment plant and
accumulate in aquatic environments [2,3].

*Corresponding author.

The related studies have found that low concentration of
antibiotics in pg/L or even ng/L level is also a huge threat to
the environment and human health [4,5]. In recent years, the
introduction of these compounds into the environment with-
out any restrictions may cause bacterial resistance and, as a
result, they will not be effective in the treatment of several
diseases [6,7]. Sulfonamides are synthetic antibiotics, charac-
terized by sulfonyl group connected to an a mine group and
easily soluble in water [6,8]. They are bacteriostatic agents
prescribed to treat human and animal infections [9]. Sulfon-
amides are present in the environment for a long time, due to
their low biodegradability, found at concentrations ranging
from 0.13 to 1.9 pg/L. Sulfacetamide is a sulfonamide drug
that widely used against many gram positive organisms and
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some gram negative bacilli. They are effective in the treat-
ment of urinary tract infections and eye infections[8,10].

Advanced oxidation processes (AOPs) have demon-
strated to be effective for the treatment of nonbiodegradable
compounds [11-14]. AOPs are aqueous phase oxidation pro-
cesses, which supply hydroxyl radical as a powerful oxidant,
resulting in the destruction of the target compound. The
advanced Fenton process (AFP) is one of the most powerful
AOPs to degrade different pollutions in wastewater [15,16].
Recently, the application of nZVI to eliminate pollutants has
drawn great attention due to its higher reactivity and large
removal capacity [17]. In the AFP process, Fe is converted to
Fe* and the subsequent reactions are as follows [15].

Fe**))) — Fe** 1)
Fe* + H,0, — Fé** + OH™ + HO- @)
Fe** + H,0, — Fe—O,H," + H" @3)
Fe-0,H,"))— Fe** + HO, )

Combination of sonolysis and Fenton process is an
efficient technique for degradation of hazardous organic
pollutants [18]. Sonolysis involves the formation, growth,
and collapse of bubbles in liquid, lead to high temperatures
and motion in liquid bulk which increase the reactivity by
nearly a million fold [19]. This condition is followed by pro-
ducing highly reactive species including OH®, oxidizing the
targeted organic compounds [19]. In the presence of ultra-
sonic irradiation, H,0O, decomposes into OH° and acceler-
ates the degradation process [20]. The nZVI particles have
the tendency to aggregate in aqueous solution due to the
forces present among them, which result low efficiency in
the wastewater treatment. Ultrasonic waves split the mass
of nZVI nanoparticles into homogeneous suspensions [21].
Nanoscale zero-valent Iron is widely used to remediate
organic and inorganic compounds. The large surface-to-vol-
ume ratio of nZVI particles can lead to more reactivity than
powders of granular iron [22].

The present work evaluates the degradation of sul-
facetamide in water by sono-Fenton process, using nZVI
as a catalyst. The effect of initial pH, H,O, concentration,
nZVI concentration, irradiation time on the degradation
efficiency is investigated, and the kinetics of the process is
defined. Additionally, LC-MS analysis was performed to
determine the compounds of the decomposition process.
The toxicity of treated solution was determined using micro
toxicity test.

2. Materials and methods
2.1. Reagents

Sulfacetamide was supplied from Sigma-Aldrich
(>99.5%). FeSO,-7H,O, H,0, (30%, w/w in water), NaBH,,
HPLC grade methanol were purchased from Merck Com-
pany (Darmstadt, Germany). All solutions were prepared in
doubly distilled water. All the chemicals used in this study

were of the purest grade commercially available and were
used directly without further purification.

2.2. Preparation of nZV1I particles

The nZVI particles were prepared via an aqueous phase
reduction method [23]. The reaction can be described by Eq.

(6):
4Fe* +3BH,” +9H,0 — 4F¢’ | +3cH,BO,” +12H" + 6H, (5)

A three-open-neck round bottom flask reactor was used
to synthesis nZVI particles. Ultrasonic probe entered the
central neck. N, gas was introduced from another neck to
exhaust oxygen gas and prevent the oxidation of nanopar-
ticles. The ferrous sulfate solution (0.65 M) was introduced
into the reactor. Then, 20 ml of sodium borohydride solution
(1.05 M) was added drop wise from the third neck to reduce
the ferrous ion to nZVI. A dark suspension containing nZVI
particles was formed and the solution was exposed to ultra-
sonic waves for 5 min, after the reaction was completed.
nZVI particles were separated from the solution magneti-
cally, purified three times with deionizer water and ethanol
then washed with acetone. Finally, they were dried in a vac-
uum desiccator at ambient temperature for 24 h.

X-Ray analysis of nanoparticles was performed to
determine the surface chemistry, before and after reaction.
Nanoparticles map was analyzed by scanning electron
microscope. Particle size and morphology of nZVI were
identified using transmission electron microscope. FTIR
spectroscopy was used to specify the functional group of
nZVI before and after reaction.

2.3. Experimental procedure

A 100 ml aqueous solution of sulfacetamide with con-
centration of 50 mg/L was prepared. The degradation of
sulfacetamide was performed in a conical flask placed in
a FAPAN 400R model ultrasonic device with a frequency
of 24 kHz and 400 W power. The pH of the solution was
adjusted using H,SO, and NaOH and measured (Behineh
SAT-2002). The experiments were carried out under vari-
ous initial solution pH values (3,5,7,9), NZVI concentrations
(1,3,5,7,8 g-L™"), H,0, concentrations (0.05, 0.1, 0.3, 0.5, 1.1.5,
2 M) and time (5, 15, 30, 45, 60, 75, 90 min). Detection of
sulfacetamide was measured at a wavelength of 270 nm by
HPLC (JASCO UV-1575/UV-VIS Detector Intelligent) [C18
250 mm x 4 mm i.d]. Samples were analyzed at a flow rate
of 1 mL/min and the injection volume was 20 pL, using
33:67 methanol: sodium dihydrogen phosphate as a mobile
phase.

2.4. Toxicity measurements

The toxic effects of untreated and treated solutions
were evaluated based on the inhibition of bacterial growth
of gram-negative bacteria (Escherichia coli ATCC 2592)
and gram-positive bacteria (Staphylococcus aureus ATCC
6538). Each tested bacterial strain was seeded on Lactose
broth to reach the OD__ 0f 0.1. The solution of sulfacet-
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tion were separately added to the prepared culture medium
and ancubated at 37°C. Antibiotic activity of the samples
was observed by measuring absorbance at a wavelength of
600 nm every 2 h for 10 h. Negative control group including
bacterial culture in the absence of antibiotic was used for
each test. The inhibitory rate of growth was calculated from
the following equation.

| OD600s

GI% = [
OD600c

)x 100 (6)

where OD is the optical density of the sample measured at
600 nm. OD, is the OD,, of sample and OD, , is the OD
of control.

0: 0

3. Results and discussion
3.1. Characterization of nZV1
3.1.1. XRD

Fig. 1 shows XRD spectrum of nZVI samples before and
after reaction. At angle of 44.67°, the curve has the highest
peak that according to the standard of ICDD Card#06.0696,
it relates to the presence of Fe°. The peaks at 2o of 36.3°
(Fe,0,) and 62.9° (Fe,O,) reveals the oxidation of nZVI
before the reaction, due to exposure to air. The same peaks
appeared on the reacted nZVI, but decreased, indicating the
removal of Fe*, consequently reducing the amount of Fe®
[24]. According to the standard 039-1346, peaks at 30.225°,
57.275°, indicates the presence of Fe,O,[25]. However, the
reacted sample contained peaks at angles of 27.1° and 47°,
indicating the presence of y-FeOOH as the result of liquida-
tion of nZVI [26].

3.1.2. SEM

SEM analysis of freshly synthesized nZVI showed a
chain-like structure, which is the result of the magnetic
interaction between small particles (Fig. 2). SEM image illus-
trates the spherical and homogeneous morphology of the
particles. After using nZVI as a catalyst in heterogeneous
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sonofenton process, the chain structure was reduced into
a large branched structure consisting iron oxide [27]. It is
obvious that ultrasonic waves changed the morphology of
nZVI to dendritic structure [28]. Also, the compounds, gen-
erated through iron oxidation, such as oxide and hydroxide
are in the form of needle crystals [26].

3.1.3. TEM

TEM images illustrate that synthesized nanoparticles
have core-shell structure and a distinct boundary between
the core and the shell (Fig. 3) [29]. The core contains metallic
iron and the outer layer contains iron oxide and hydroxides
[28]. TEM images indicates the spherical, amorphous and
accumulated structure of nZVI. Nanoparticles are visible in
the form of irregular clusters [30].

3.1.4. FTIR

The FTIR spectrum was used to identify the involved
functional groups in the fresh nZVI and after its oxidation.
Fig. 4 refers to FTIR spectra. Peaks in the range of ~3400 cm™
and ~1640 cm™, respectively, corresponds to O-H stretching
vibration group and O-H binding vibration group, which
indicates the physisorbed water molecules on the surface
of the nanoparticles [31]. The adsorption spectrum of 2920
cm™, confirms the presence of CH functional group, which
disappeared in the FTIR spectra of nZVI after the adsorp-
tion reaction. After the oxidation process, the peak at 1391
cm™ appears, which relates to the S=O group. The bands at
670 cm™ and 1047 cm™ correspond to Fe-O stretching func-
tional group [27,29].

3.2. Effect of operational parameters on the degradation
of sulfacetamide

3.2.1. Effect of pH

The results of the effect of pH on sulfacetamide removal
are illustrated in Fig. 5. The pH is an important controlling
parameter that effects Fenton-like process. The results
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Fig. 1. XRD analysis of fresh nZVI (a), reacted nZVI (b). Peaks refer to Fe,O, (M), Fe,O, (F), Fe’ (L) and y-FeOOH (N).
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Fig. 2. SEM images of nZVI before (a) and after (b) reaction.

Fig. 3. TEM images of synthesized nZVI.

showed that degradation efficiency decreased with the
increase of pH. The highest efficiency of sulfacetamide
removal was achieved at pH of 3. This finding is consistent
with the result of Zhang et al. [32] in norfloxacin removal
using coupled synthesized nZVI with H,O, system. During
ultrasonic irradiation and acidic condition, the concentra-
tion of Fe?* and OH' radical increases [Eqs.(2) and (7)] [33].

Fe°+2H+— Fe** + H, @)

The appropriate pH range for Fenton s oxidation is
between 2 to 4. At pH values of <2, the degradation effi-
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ciency decreases due to the formation of iron complex spe-
cies and formation of oxonium ion [H,0,]*. With pH values
more than 4, the formation of Ferric-hydroxo complexes
inhibits the production of hydroxyl radical therefore, free
iron decreases in solution. As a consequence, Fe?* will not
be regenerated. Generally, with pH values increased the
oxidation potential of hydroxyl radical decreases.

3.2.2. Effect of nZV1 dosage

According to Fig. 6, with increasing initial concentration
of nZVI from 1 to 8 g/L, the removal efficiency increases
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Fig. 4. FTIR spectrum of nZVI before (a) and after (b) reaction.
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Fig. 5. The effect of pH on the efficiency of sulfacetamide remov-
al (H,0,=0.5M,nZVI=1g/L, t = 30 min).

from 53% to 80%. Which is due to the fact that the increase
in active sites, led to more H,O, decomposition and hence
producing more OH® radical. By increasing the amount of
nZVI from 5 to 8 g/L, the degradation rate increased by
5%, which is almost constant. Therefore 5 g/L considered
as the most convenient dose of nZVI. This might be due
to the agglomeration of nZVI, resulting the scavenging of
hydroxyl radicals through reaction [Eq. (8)] [34].

Fe** + OH°® — Fe** + OH~ 8)

This corresponds with a previous research including a
study of chlorpheniramine removal using nZVI by Wang
et al. [35].
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Fig. 6. The effect of nZVI dose on sulfacetamide removal effi-
ciency (pH =3, H,0,=0.5M, t = 30 min).

3.2.3. Effect of H,O, concentration

Fig. 7 shows the effect of H,O, concentration on the
oxidative degradation of sulfacetamide. The results illus-
trate that by an increase in H,0O, concentration from 0.05
to 2 M, the degradation efficiency first increased and then
decreased, therefore the maximum degradation efficiency
was observed at 1 M. This is owning to the formation of
more OH® radicals, with the increase of H,O, concentration
[35]. However at H,O, concentration >1 M, the degradation
efficiency decreased, that might be attributed to the scav-
enging effect of hydroxyl radicals, which consume OH°
radical. Other generated radicals such as HO®, are less reac-
tive compared to OH® (Eq.9).

OH°+ H,0, — HO®, + H,0 ©)

The results are consistent with the study by Deng et al.
[36] in sulfamethazine removal using nZVI/biochar com-
posite.
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Fig. 7. The effect of H,0, concentration on sulfacetamide remov-
al efficiency (pH =3, nZVI =5 g/L, t = 30 min).

3.2.4. Effect of contact time

The effect of contact time on the removal efficiency of sul-
facetamide is presented in Fig. 8. As can be seen, by increas-
ing the contact time, the removal efficiency was increased
and the maximum degradation efficiency was found to be at
60 min with the passing of time, due to more hydroxyl rad-
ical production, degradation efficiency increased. However,
by increasing contact time from 60 to 90 min, degradation
efficiency is constant. At this stage, the reaction between Fe*
and H,O, results in HO®°, and weaker radical production
that decreases the degradation efficiency. On the other hand,
remaining empty sites were filled by sulfacetamide [37].

3.3. COD remouval

The results of COD reduction in optimal condition are
shown in Fig. 9. COD removal (27%) was less than antibiotic
removal (91%). It might be attributed to that sulfacetamide
has not been completely degraded and might be converted
to other organic compounds. Also, the efficiency of enough
hydrogen peroxide prevents the oxidation of all organic
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Fig. 8. The effect of time on sulfacetamide removal efficiency
(pH =3,nZVI=5g/L, H,0,= 1 M).
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Fig. 9. COD level before and after sono-Fenton process.

compounds. The results correspond with the study of Cui
et al. including berberine removal by Fenton oxidation [4].

3.4. Analysis of the synergy in sono-Fenton process

The removal efficiency of individual processes (H,O,,
nZVI, US) on oxidative degradation, was investigated in
optimal condition (pH = 3, nZVI =5 g/L, HO,=1M, t
= 60 min) (Fig. 10). The dominant mechanism was chem-
ical oxidation to produce hydroxyl radical [38]. As can
be observed in Fig. 10, when ultrasonic waves were used
alone, the degradation efficiency decreased for 79%. This
is due the asymmetric distribution of cavitation bubbles
therefore, temporal production of OH°. The combina-
tion of ultrasonic radiation with Fe® generates more OH®,
than ultrasonic waves alone. In the study of Wei et al., the
removal of K-2BP by the US-Fe process resulted in 90.5%
degradation efficiency after 60 min while under the same
condition, only 38.3% and 17% of K-2BP decreased by Fe®
and ultrasonic waves, respectively [39]. According to Fig.
10, in the nZVI system, the removal efficiency was 53%
less than sonofenton process. The limited activity in nZVI
system is due to the magnetic attraction between the nZVI
nanoparticles. The magnetic properties of nZVI nanoparti-
cles which make them to agglomerate and as a result the
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Fig. 10. Removal efficiency of individual processes in optimal
condition.
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surface area decreases [40,41]. The cavitation phenomenon
caused by ultrasonic waves diffuses aggregated nZVIs so
more surface area is available for the catalyst [42]. Shrazi et
al. demonstrated that the degradation efficiency by using
nZVIalone and changing its concentration from 0.3 to5 g/L
have not increased and the carbamazepine removal was less
than 5% [43]. The degradation efficiency by H,O, in opti-
mal condition was 6% that showed a significant reduction
compared to sonofenton process, indicating the low rate of
hydroxyl radical production via H,0O,. Indeed, nZVI acts
as an amplifier agent in heterogeneous Fenton-like process
and increases the surface area. The degradation efficiency of
amoxicillin in H,0, and nZVI/H,O, system, were 0.2% and
86.5% respectively, which confirms the results of this study
[27]. But it was observed that there was an increasing trend
in degradation by combining these factors together. So, the
highest amount of removal was seen in the heterogeneous
Sono Fenton oxidation process, at around 90%.

3.5. Kinetic study

In the present study, two kinetic models were used,
including pseudo-first-order and pseudo-second-order
models. The liner form of pseudo-first-order kinetic is:

Pseudo-first-order equation:

In% =Kt

o

(10)

where C, is the residual concentration of sulfacetamide at
time t (mg/L), C, is the initial concentration of sulfacet-
amide (mg/L) and K, is the rate constant of pseudo-first-or-
der mode (min™) and ¢ is the time (min).

The liner form of second-order kinetic is:

Pseudo-second-order equation: . Kt + 1

G G
where K is the rate constant of pseudo-second-order model
(mg-g™-min™).
The results showed that the kinetic of sulfacetamide
degradation by sonofenton process as shown in Fig. 11 fol-

(11)

y=-0.0173x+1.5984
R2=0.9669

0 20 40 60
time(min)

low pseudo-second-order model (R?= 0.9936). Zhang et al.
[32] and Shemer et al. [44] introduced the removal of nor-
floxacin and metronidazole, respectively, using Fenton pro-
cess based on pseudo-second-order kinetic model.

3.6. Microtoxicity study

AOP degradation process can produce intermedi-
ates more toxic than primary compound [45]. The results
showed that the growth inhibition percentage (GI%) of
treated solution decreased (Table 1). Elimination of inter-
fering effect of H,O, performed by increasing pH above
10 and H,O, decomposition into water and oxygen [46].
Photo catalytic degradation of sulfacetamide, sulfathi-
azole, sulfamethoxazole and sulfadiazine indicated that
the toxicity level (EC50) increased in contrast: sulfacet-
amide, sulfathiazole, sulfamethoxazole, sulfadiazine and
the intermediate compounds were less toxic than parent
compounds [9]. Trovo et al. observed a 65% reduction in
the toxicity of sulfamethoxazole with an increase in H,0O,
from 10 mg/L to 20 mg/L [3].

3.7. LC/MS analysis

LC/MS analysis is commonly used to determine the
combinations derived from antibiotic degradation. The
analysis of the results is based on the value (m/z). The LC/
MS analysis results are shown in Fig. 12. Table 2 shows the
compounds of sulfacetamide decomposition. As the results
showed, the destruction of the antibiotic structure and

Table 1
Growth inhibition percentage (GI%) of treated and untreated
solution

Microorganism  Sulfacetamide
Untreated Treated
E. coli 75+0.3 45+0.2
S.aureus 73+0.2 40
b 025 -
y=0.0033x+0.0161 ¢
R2=0.9935 g
0.2 /
Pa
2%
0.15 - ) /
S ra
— b7
0.1 - P *
rd
0.05 ’//
4
0+ ‘ 1 ‘
0 20 40 60 80
time(min)

Fig. 11. Pseudo-first-order (a) and pseudo-second-order (b) kinetic curve for sulfacetamide removal.
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Table 2
LC/MS analysis results
Compound name Molecular formula  m/z Chemical compound
C 97 CHN,O 2-nitrosobutanenitrile
C, 114 CHN,O, piperazine-2,5-dione
C, 146 CH,N,0, Alpha-methylornithine
C, 155 CH.NO,S 3-Mercaptopicolinic acid
C, 227 C,H,NO,S N-Butyl-p-toluenesulfonamide
C 269 C H,N.OS 1-(2-methoxyethyl)-7-methylsulfanylpyrimido[4,5-d][1,3]

6 1077117 T34

oxazine-2,4-dione

the breakdown of the bond between the aminosulfon and
methyl led to form C, structure with m/z = 97. The proposed
molecular structure of this compound is C H.N,O [47]. The
existence of C, ion with m/z = 114 represents the destruction
of the structure of sulfacetamide by radical OH® which is
observed in most decomposition compounds [3]. The peak
generated on the chromatogram at m/z = 269 shows the
hydroxylation of sulfacetamide (M + H) with the molecular
formula of C, H, N.,O,S [48]. The hydroxyl radical attacked
the aniline ring in the antibiotic structure and replaced the
amine group. The result of the above process is the forma-
tion of C. H.NO,S with m/z = 155 [3]. The chemical composi-
tion of C, with m/z = 146 is the result of the hydroxyl radical
bond to the structure of the benzene ring [47].

4. Conclusion

In this study, nZVI nanoparticles were used as a catalyst in
sono—Fenton like process to degrade sulfacetamide. The opti-

mal conditions for degradation process were pH =3, 5 g/L
nZVI, 1 M H,0, and 60 min reaction time. In this condition,
sulfacetamide and COD removal were 91% and 27% respec-
tively. The growth inhibition percentage (GI %) of treated solu-
tion decreased significantly. Thus, sonofenton process can be
used as a suitable method for sulfacetamide removal.
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