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ABSTRACT

Aromatic amines such as 4-nitroaniline (4-NA) are commonly released into the environment by
wastewaters containing azo colors. In the present study, silver nanoparticles were synthesized using
the extract of Damask rose. Then, its physicochemical properties were determined. The effects of
parameters such as pH, contact time, persulfate (PS) concentration, and nanosilver (NS) concentration
on 4-NA removal were studied by a cylindrical reactor placed in ultrasound (US) device. The results
showed that the efficiency of 4-NA removal by the US/PS/NS process increased with increasing the
dose of NS and PS, as well as the contact time. pH had no significant effect on the removal effi-
ciency even though in acidic pHs the removal efficiency was 5% higher. Also, over time, the pH
of the reactor decreased due to the reactions occurring; this caused the same efficiency at different
pHs. In the US/PS/NS process, increasing the initial 4-NA concentration also reduced the efficiency
slightly. Under the optimal conditions, including pH = 5, contact time = 90 min, US power = 60 W,
NS concentration = 300 mg/L, and PS concentration = 1.68 mM, the US/PS/NS process could reduce

4-NA up to 93%.
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1. Introduction

The nitroanilines are aromatic amines that are usually
produced during anaerobic processes in sewages containing
azo colors. 4-nitroaniline (4-NA) is a type of nitroanilines,
which is highly toxic and has harmful effects on the envi-
ronment and living organisms. This pollutant is classified
as primary pollutants by the United States Environmental
Protection Agency (USEPA) [1,2]. This compound, which
is a synthetic precursor for several drugs, paints, and pes-
ticides, is very toxic and can enter various organs of the
human body. It has been observed in various animal studies
that this compound is teratogenic and highly toxic for repro-
duction. It mainly settles in soil and water sources and its
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clean-up from environments contaminated is very difficult
[3-5]. Several methods such as physical, chemical and bio-
logical processes have recently been used to treat 4-NA from
aqueous solutions [6,7]. However, most commonly used
chemical and physical methods for removing 4-NA are costly
and environmentally unfriendly, as they usually cannot
remove the adequate amount of the pollutants and destroy
it. In some cases, the physical absorption process leads to
the production of other pollutants in the environment and,
in fact, causes the transmission of pollutants from one phase
to another [8-12]. Conventional and advanced biological
methods have many problems for the treatment of this pol-
lutant due to the high toxicity and antimicrobial properties of
4-NA; moreover, 4-NA is a chemical stable compound which
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cannot be biodegraded [13-16]. Therefore, it is very difficult
to clean the wastewater polluted by 4-NA. Advanced oxida-
tion processes (AOPs) have been investigated in recent years
by many researchers for the destruction and degradation of
hazardous wastes [17,18]. Generally, AOPs are new methods
that are based on the production of hydroxyl radical (OH").
The persulfate (PS) anion is the most powerful oxidant that
today is considered by researchers as an AOP. The standard
redox potential of sulfate radical is between 2.5-3.1 V, which
is higher than that of OH* radicals (1.9-2.7 V). One of the
characteristics of this material is high radical production sta-
bility, low cost, high solubility, ease of displacement due to
its solid form, and non-selective oxidation [18,19]. According
to studies on PSs, it is investigated that the degradation rate
and activity of PS are low at room temperature. In various
studies, the effect of different factors on increasing the reac-
tion rate of PS has been investigated, which include the use
of ultraviolet light, intermediate metals, nanoparticles, etc.
[20-23]. The use of ultrasonic waves is one of the advanced
oxidation methods applied to decompose and degrade pol-
lutants. When water is subjected to ultrasonic waves with
different frequencies, it causes cavitation phenomena. Due to
this phenomenon, the formation, growth, and collapse of tiny
bubbles occur in the water. When the bubbles collapse, local
pressure and temperature can increase significantly, leading
to the production of free radicals. The oxidizing species in
the ultrasonic process include O, *OH and "H [19,24,25].
The ultrasonic waves combined with PS can accelerate the
production of sulfate radicals and increase the process effi-
ciency in removing pollutants (Eq. (1)). Also, the use of heat,
H,O,, microwave waves and nanoparticles increase the
production of sulfuric radicals which increase the process of
removing pollutants (Egs. (1)-(5)) [19,26-29].
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Nanoparticles have been used as a very suitable and
powerful new catalyst for the complete degradation of
undesirable pollutants in the liquid and gaseous phase in
combination with other processes [30]. There are different
chemicals and physical methods for the synthesis of the
nanoparticles [31,32]. High cost and need to use chemical
materials are two major disadvantages of chemical methods
[33,34]. Therefore, the purpose of the present research was
to synthesize bio-based silver nanoparticles using Damask
rose extract, which is cost-effective in terms of energy and
cost, and is less costly than the chemical method and does
not require organic solvents for synthesis [35]. They are
also much more stable than chemical nanoparticles [36,37].

For this purpose, the biological synthesis of silver nanopar-
ticles using Damask rose extract was investigated as a bio-
logical resource with abundant access in Kerman Province,
Iran. Then, ultrasonic waves were combined with PSs acti-
vated with the biosynthetic nanoparticles to increase the
efficiency of 4-NA removal.

2. Materials and methods
2.1. Materials and reagents

Chemicals including methanol, sodium persulfate, sil-
ver nitrate, hydrochloric acid, sodium hydroxide, 4-NA, and
deionized water used in this study were purchased from
Merck (Germany). All chemicals and solutions were of ana-
lytical grade. The instruments included the Scintigraphy
UV spectrophotometer manufactured by Analyticgena,
Germany, February Infrared Spectroscopy, centrifuges, FTIR
27 Tensor, X-ray Spectrometry, Panalitical, X PERTPRO, Carl
ZEISS, dispersion device dynamic light (Malvern Zetasizer),
digital scale, pH meter, ultrasonic bath, air pump and mag-
netic stirrer spectrophotometer (UV/Vis).

2.2. Synthesis of biogenic nanosilver

First, a 0.1 molar stock of silver nitrate was prepared
by dissolving 0.849 g of silver nitrate in 50 mL of deionized
water. Throughout the test, the stoke solution was kept at 4°C
and in the dark. The synthesis of the silver nanoparticles was
used to produce a final concentration of 1 mM from silver
nitric acid. In this way, 15 mL of the sample was added to
30 mL of deionized water (reaction mixture) and then the fol-
lowing formula (Eq. (6)) was calculated for the initial nitric
acid stock solution required for the final concentration of
1 mM, and added to the reaction mixture. Silver nitrate was
added to the control sample. The samples were stored at 28°C
and kept in the dark.

CV,=CV, (6)

where C, and C, are the initial (0.1 molecular stoke), and
the final concentrations of silver ion in the reaction. V| is
the required volume of the initial stock and V, is the final
volume of the reaction mixture. In the reaction mixture with
a final volume of 45.45 mL, the required volume of silver
nitrate from the original stock was obtained 450 uM for the
preparation of a reaction mixture with a final concentration
of 1 mM.

2.3. Determination of biogenic nanosilver characterizations

The synthesized silver nanoparticles were examined
using a UV visible spectrophotometer Scan Drop by
Analyticgena Co., (Germany), at a wavelength of 300-800 nm
at different times. The February Infrared Spectroscopy was
used to determine the bioactive functional groups in the bio-
logical sample that are responsible for decreasing Ag* to Ag®.
To prepare a powder sample, 10 mL of the sample was cen-
trifuged for 10 min at 6,000 rpm, and it was dried for 48 h
after discharging the supernatant at 60°C. For the analysis
of the obtained powder, the FTIR 27 Tensor (manufactured
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by Germany) was used. X-ray diffraction (XRD) analysis
was done to check the presence of the silver crystals. To
prepare a powder sample, 150 mL of the sample was cen-
trifuged at 12,000 rpm for 10 min, and the upper solution
was removed, and then the residual sediment was raised
to 60 mL again using deionized water. This process was
repeated 3 times and the remaining deposition was dried
at 30°C for 48 h. The obtained powder was analyzed using
Panalytical, X PERTPRO, manufactured in the Netherlands
with the angle of 20 in the range of 200-800 and the radiation
of A = 1.5405 A. Then, by using the XRD results, the average
size of the nanoparticles was calculated by Scherer’s equation

(Eq. (7))

D 0.941
BcosH

@)

where D is the mean size of the nanoparticles and A is the
wavelength of the X-rays.  is the maximum width and © is
the diffraction angle.

A transmitted electron imaging (TEM) was performed
to measure the size, morphology, and distribution of the
synthesized silver nanoparticles. To prepare the sample,
10 mL of the sample was ultrasonically aged for 5 min. Then,
less than one drop was poured on carbon-treated film and
dried at room temperature without any heat. Finally, it was
checked with the Carl ZEISS machine from Germany. The
average and distribution of the silver nanoparticle colloid
synthesized in a liquid medium were studied using a light
dynamic diffusion apparatus (Zetasizer Malvern).

2.4. Experimental set up for the ultrasound/PS/nanosilver process

The experimental setup used in this study has been
shown in Fig. 1. The reaction chamber consisted of a 500 mL
container placed inside the ultrasonic apparatus. The reac-
tor contents were mixed in the reaction chamber. All experi-
ments were performed at ambient temperature (25°C + 1°C)
and cooling system was used to reduce the temperature of
the reaction chamber to 25°C. Ultrasound (US) wave value

in all experiments was fixed with a power of 550 W and a
constant frequency of 60 Hz. The 4-NA stock solution was
prepared using fresh deionized water before each run. Next,
200 mL of 4-NA solution was poured into the chamber in
each flask, and PS and nanosilver (NS) with a specific con-
centration at the beginning of each run were added to the
reaction chamber. After the time required for the reaction,
2 mL of the contents was taken from the reactor and poured
through a 0.22 p filter. Then, the residual 4-NA concentration
was measured by a spectrophotometer (Shimadzu, Japan) at
a wavelength of 381 nm. Finally, the removal efficiency was
calculated by Eq. (8).

A
4-NA removal efficiency (%) = OA

x100% ®)

0

where A =sample absorption rate before testing; A = sample
absorption rate after the test.

The effective parameters in the US/PS/NS process were
studied separately including pH, contact time, PS concentra-
tion, and NS concentration in the removal of 4-NA. To study
the changes in the removal efficiency and determine the
optimum values, pH values of 3, 5, 7, 9 and 11, and contact
time 20-90 min, the PS concentrations 0.84, 1.68, 2.52, 3.36
and 4.2 mM were tested. NS was also used at concentrations
of 100, 200, 300, 400 and 500 mg/L, and 4-NA with initial
concentrations of 10, 20, 30 and 40 mg/L.

3. Results and discussion
3.1. Characterization of NS

A change in the color of the extract to transparent red-
dish-brown happened immediately after the addition
of silver nitrate to the Damask rose extract and it was the
first visible sign of the formation of the silver nanoparti-
cles (Fig. 2) and the spectrophotometric absorption peak of
430 nm, indicating the synthesis of silver nanoparticles. In a
study by Venkatesan et al. [38], the NS has synthesized from
Rosa damascena petal extract that the color of the extract
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Fig. 1. Schematic of the experimental setup for the US/PS/NS process.
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Fig. 2. Absorption spectrophotometry graph of the color change of Damask rose extract to light brown immediately after the

formation of silver nanoparticles.

changed from yellow to brown and the NS absorption peak
was 420 nm, which is consistent with the present study.

The XRD pattern showed four distinct peaks at angles
38.11, 44.38, 64.44 and 77.42, respectively, related to sur-
faces 111, 200, 220, and 311 (Fig. 3), which proves the
formation of the crystalline structure of the silver nanopar-
ticles. The results of the TEM analysis have been shown in
Fig. 4. The TEM showed the shape of the spherical silver
nanoparticles. The images clearly show that the diameter
of nanoparticles was in the range of 5-40 nm with an aver-
age particle size of 20 nm. The results of the TEM and XRD
analyses were also very similar to Venkatesan et al. [38]
study.

3.2. Effect of reaction parameters on the removal of 4-NA
by the US/PS/NS process

3.2.1. Effect of pH

The effect of pH on the US/PS/NS process has been shown
in Fig. 5. To investigate the effect of pH on the removal of
4-NA during the US/PS/NS process, 200 mL of the 4-NA solu-
tion with an initial concentration of 30 mg/L was injected into
the reactor. In the next step, the solution pH was adjusted
to 3,5, 7,9 and 11. The concentrations used for the effective
parameters in the US/PS/NS process in all steps of the exper-
iment were determined from the same literature review and
based on the values used in these papers [39-42]. In all stages
of the experiment, one of the parameters was variable and
other parameters were fixed.

As it is clear, the process efficiency at acidic pHs was
slightly higher than alkaline pHs. Generally, the highest
removal efficiency in the US/PS/NS process was obtained at
pH 3 and 5; hence, pH 5 was selected as the optimal value.
The efficiency of 4-NA degradation at acidic pH (3 to 5) was
94.4%, but its decomposition rate in alkaline pH declined to
about 90%. Based on Eq. (9), the sulfate radicals are scav-
enged at high pHs by *OH (Eq. (9)).

SO, + "OH — HSO, +0.50, )

Also, SO;* is converted to *“OH under alkaline conditions
(Eq. (10)). Thus, the potential for radical hydroxyl oxidation
may decrease by increasing pH [19].

SO," +H,0 - S0} +"OH+H" (10)

According to Eq. (10), H' ions are produced which can
lead to the reduction of solution pH. Also, because of using
the ultrasonic waves, HSO; is dissociated by these waves
and release the H' ions, which further reduce the pH of
the solution (Eq. (11)).
HSO, - SO; +H" (11)
Therefore, during experiments at different pHs, the

pH tends to be acidic (optimized pH), which can justify
close-to-efficiency processes at all pH levels [24].

3.2.2. Effect of reaction time

The effect of contact time on the US/PS/NS process has
been shown in Fig. 6. Thus, 400 mL of the 4-NA solution with
an initial concentration of 30 mg/L was prepared. In the next
step, all effective parameters were fixed and, every 10 min,
the remaining 4-NA was measured.

As shown in Fig. 6, the process efficiency increased by
increasing the contact time. The efficiency of 4-NA removal
in the US/PS/NS process reached 94% for 90 min of contact
time, and then the efficiency slightly increased until the con-
tact time of 110 min was fixed. Therefore, the contact time
of 90 min was considered as the optimal value. The results
indicate that, over time, the percentage of removing 4-NA
increased, because more *OH and SO;* radicals are formed.
The reason for this phenomenon is that ultrasonic waves
react with molecules of water to produce more radicals.
Also, the catalytic effect of NS tries to accelerate the pro-
duction of these radicals. NS plays a catalytic role for the
activation of PS based on Eq. (5). Silver is introduced into
electron transport reactions to produce sulfate radicals based
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Fig. 4. Transmission electron image of the shape and formation
of silver nanoparticles.

on Eq. (12) and, at higher contact times, the more number
of sulfate radicals are produced [40—42].

S,0f +Ag" — Ag® +S0O} +S0;" (12)

On the other hand, the efficiency of the process increased
after passing 80 min of contact time and eventually a steady
gradient was found. The reason is the rapid decomposition of

Fig. 5. Effect of pH on the removal of 4-NA by US/PS/NS process
(experiment conditions: 4-NA concentration: 30 mg/L, PS con-
centration: 2.52 mM, NS concentration: 300 mg/L, US frequency:
60 Hz, contact time: 90 min, pH: different).
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Fig. 6. Effect of contact time on the removal of 4-NA by US/PS/NS
process (experiment conditions: 4-NA concentration: 30 mg/L,
PS concentration: 2.52 mM, NS concentration: 300 mg/L US fre-
quency: 60 Hz, pH: 5, contact time: different).
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aniline in the early stages of the process and, over time, inter-
mediate organic compounds are formed due to the decom-
position of 4-NA. A fraction of the OH and SO;" radicals will
be used for the decomposition of these compounds, which
will ultimately lead to a reduction in the process efficiency
[19,24,25,39].

3.2.3. Effect of PS concentration

The effect of different PS concentrations on the US/PS/
NS process is presented in Fig. 7. Thus, 200 mL of the 4-NA
solution with an initial concentration of 30 mg/L was pre-
pared. In the next step, the pH of the solution was adjusted
to 5 and other parameters were fixed. As shown in Fig. 7, the
efficiency of 4-NA removal increased rapidly with increas-
ing the concentration of PS from 0.84 to 1.68 mM. After
90 min contact time, the 4-NA removal efficiency was about
92% when the PS concentration was 1.68 mM. However, by
increasing concentrations of PS from 1.68 to 4.2 mM, the
removal efficiency increased slightly. Therefore, the rates of
4-NA removal efficiency at concentrations of 2.52, 3.36 and
4.2 mM were 94%, 95.5%, and 96%, respectively. As can be
seen, the efficiency of the US/PS/NS process changed slightly
with increasing PS concentration and increasing the PS con-
centration from 1.68 to 4.2 mM, the efficiency increased only
4%. Based on whatever mentioned above, 1.68 mM PS was
considered as the optimum amount for the US/PS/NS pro-
cess. In fact, increasing the concentration of PS increased the
number of sulfate radicals, thereby increasing the process
efficiency. However, a further increase in PS to more than
optimum range resulted in the production of additional
radicals, which are based on Egs. (13) and (14) could play a
scavenger role in sulfate radicals.

SO;" +5,07" — 250, +5,07" (13)

SO;" +S0;" —» S,0%" (14)
Therefore, a rise in the amount of PS more than optimum

value had a very small effect on the removal efficiency of
4-NA removal [28,38].

3.2.4. Effect of NS concentration

To investigate the effect of initial NS concentration on
the 4-NA removal efficiency during the US/PS/NS process,
200 mL of 4-NA solution with an initial concentration of
30 mg/L was prepared. Then, all effective parameters were
fixed and the NS concentration was variable. As shown in
Fig. 8, the process efficiency increased by increasing NS con-
centration. With raising concentration from 100 to 200 mg/L,
the removal efficiency increased slowly. At a concentration
of 300 to 500 mg/L, the removal efficiency increased very
faster. As can be seen in Fig. 8, the removal efficiency went
up very little when the concentrations higher than 300 mg/L
were tested. Therefore, 300 mg/L was selected as the opti-
mum NS concentration. NS acts as a catalyst in the US/PS/
NS process and, due to the increased number of active sites
and increased free-electron production, a further increase
in its concentration leads to more generation of hydroxyl
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Fig. 7. Effect of PS concentration on the removal of 4-NA by
US/PS/NS process (experiment conditions: 4-NA concentration:
30 mg/L, NS concentration: 300 mg/L, US frequency: 60 Hz, pH:
5, contact time: 90 min, PS concentration: different).
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Fig. 8. Effect of NS concentration on removal of 4-NA by US/
PS/NS process (experiment conditions: 4-NA concentration:
30 mg/L, PS concentration: 1.68 mM, US frequency: 60 Hz, pH: 5,
contact time: 90 min, NS concentration: different).

radicals and sulfate radicals. Hydroxyl radicals and sulfate
radicals produced by ultrasonic waves result in a series of
chain reactions that increase the efficiency of 4-NA removal.
In the study by Kamali Moghaddam et al. [43], who used the
peroxydisulfate/NS process for the removal of tylosin from
aqueous solitons, 400 mg/L NS was used as the optimum dos-
age of the catalyst under the optimum conditions. In similar
studies, the removal efficiency also increased with increasing
the value of the NS catalyst, which is consistent with the pres-
ent study [43,44]. The stabilization of the removal efficiency
of 4-NA with the further increase of the NS catalyst may also
be owing to the fact that Ag" plays the role of scavenger for
sulfate radicals at high concentrations [45,46].

3.2.5. Effect of initial 4-NA concentration

To study the effect of the initial concentration of 4-NA
on the removal efficiency during the US/PS/NS process,
200 mL of 4-NA solution was prepared with different ini-
tial concentrations of 10, 20, 30 and 40 mg/L when other
parameters were fixed. The effect of different initial 4-NA
concentration on the US/PS/NS process is presented in Fig. 9.
As can be seen from this figure, with increasing the initial
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Fig. 9. Effect of initial 4-NA concentration on removal of 4-NA
by US/PS/NS process (experiment conditions: PS concentration:
1.68 mM, US frequency: 60 Hz, pH: 5, contact time: 90 min, NS
concentration: 300 mg/L, 4-NA concentration: different).

4-NA concentration, the removal efficiency of this process
declined. But the removal efficiency decreased slightly as
the concentration of 4-NA increased. The reason for this
phenomenon is that the produced radicals are very strong
in the US/PS/NS process. Furthermore, under the optimum
conditions, this process can decompose higher concentra-
tions of contaminants; this can be considered as an upside.
A slight decrease in efficiency with increasing initial 4-NA
concentration was also expected, because the number of
produced active radicals, including hydroxyl radicals and
sulfate radicals, improved, which is fixed by adding a cer-
tain amount of NS and PS under ultrasonic waves [19,41,42].

4. Conclusion

In the present study, NS was synthesized from Damask
rose extract and combined with US processes to activate
PS. It was found that the combination of NS and US waves
could significantly enhance the strength of oxidation of PS
and further activates more sulfate radicals. The US/PS/NS
process under the optimal conditions was capable of signifi-
cantly degrading 4-NA from aqueous solutions. Increasing
the concentration of NS and PS to the optimal conditions
increased the efficiency of 4-NA removal. The pH had no sig-
nificant effect on the US/PS/NS process, but in acidic pH, the
efficiency of 4-NA removal increased. Increasing the contact
time also improved efficiency until it reached the optimal
contact time of 90 min. Increasing the initial concentration
of 4-NA also reduced efficiency. The optimum conditions of
the US/PS/NS process could reduce the amount of 4-NA con-
tamination to 93%. Since NS is synthesized from biological
sources, it does not increase the number of chemicals in the
environment by purified sewage and it can be regarded as an
environmentally friendly catalyst.
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