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mical synthesis of silver
sulfadiazine microcrystals

Faezeh Zivari Moshfegh, Mahmood Masoudi Khoram and Davood Nematollahi *

Electrochemical synthesis of silver sulfadiazine (AgSD) microcrystals was carried out galvanostatically in a special

two-electrode cell equippedwith a sacrificial silver rod anode and a stainless steel plate cathode. The cell used in

this work consists of a small cylindrical chamber containing aqueous sulfadiazine/sodium nitrate as the anode

compartment inside a larger cylindrical chamber containing nitric acid solution as the cathode compartment.

The ionic connection of two chambers is carried out through a solvent surface layer. In this study, the effect

of the experimental parameters such as applied current density and sodium nitrate concentration as well as

nitric acid concentration on the yield and energy consumption of AgSD is discussed. The proposed method is

fast and green and has unique features including synthesis in a single step, and no need for a metal salt.
Introduction

Electrochemical synthesis is a powerful technique for the
synthesis of a broad spectrum of organic1–7 and inorganic
compounds.8–14 In this way, electrochemical synthesis using
sacricial anodes is an interesting research eld with a wide
range of potential applications which has received much
attention in recent years.15–18 One of the most important appli-
cations of sacricial anodes is their use in the synthesis of
metallic complexes.15 This method is fast, selective and has
unique features including synthesis in a single step, possibility
of synthesizing homoleptic and heteroleptic complexes, possi-
bility of use of proligands which can be converted to ligands at
the cathode and no need for a metal salt. In line with these
studies one should also mention the valuable research studies
of Tuck et al. in the synthesis of different types of metallic
complexes using a variety of sacricial anodes.11,19–23 In addi-
tion, in recent years, many new metal complexes were synthe-
sized using sacricial anodes12 such as cobalt,24,25 nickel,24,25

zinc,24,25 cadmium,24,25 copper24–26 and iron.27

On the other hand, the use of sulfonamides in the treatment
of wounds and burns was common during World War II.28 AgSD
was synthesized in 1960 and was used as the rst silver
sulfonamide to treat burns.29 AgSD is a metal complex of
sulfadiazine, that is widely used as an antibacterial agent for
surface burns and wound treatments.30 It destroys the cell
membrane and inhibits DNA replication and has a broad-
spectrum action against both Gram-positive and Gram-
negative bacteria.31 These properties are due to the fact that
AgSD has both oligodynamic properties and antibacterial
activity due to the presence of silver ions and sulfadiazine,
, Hamedan 65174, Iran. E-mail: nemat@

hemistry 2019
respectively, in its structure. It is also active against a wide range
of micro-organisms.32 In addition, the proven efficacy of AgSD
in the treatment of Pseudomonas infection in burns has been
documented.33 In line with our research program in replacing
traditional synthetic methods by electrochemical methods1–7,17

herein, we would like to report an efficient electrochemical
method for the synthesis of AgSD microcrystals through
oxidation of a silver rod in the presence of sulfadiazine in
aqueous solution and in a simple quasi-two-compartment cell.

Results and discussion
Voltammetric studies

This study was performed in order to investigate the reactivity of
anodically generated silver ions in the reaction with sulfadia-
zine. Fig. 1a shows the cyclic voltammogram of silver electrode.
Fig. 1 Cyclic voltammograms of silver electrode (area, 1.8 mm2), (a) in
the absence and (b) in the presence of sulfadiazine (10 mM). Scan rate:
100 mV s�1. Temperature: 25 � 1 �C.
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The CV shows an anodic current in positive going scan corre-
sponds to the generation of silver ions and a cathodic coun-
terpart peak in the negative-going scan which corresponds to
the reduction of silver ions. Fig. 1b shows the cyclic voltam-
mogram of silver electrode in the presence of sulfadiazine. As
can be seen, the cathodic peak observed in CV 1a is omitted.
This phenomenon proves the reaction of silver ions with
sulfadiazine and the lack of silver ions at the electrode surface.
Mechanistic studies

By applying current to the cell, the generation of silver ion and its
reaction with sulfadiazine are carried out, which results in the
formation of a white AgSD precipitate in the anode compartment.
In fact, the nature of this reaction is an ion exchange reaction in
which sodium ion is replaced by silver ion.34–36 Under these
conditions, the cathodic reaction is the reduction of water and
formation of hydroxide ion, which is neutralized by the nitric
acid present in the cathode compartment (Scheme 1). The use of
a two-compartment cell with electrolytes of different pH, does not
permit the generation of silver oxide or inactivation sulfadiazine.
Increasing pH during electrolysis in non-acidic solutions causes
the formation of silver oxide. On the other hand, protonation of
sulfadiazine and consequently its inactivation, prevents its
complexation with silver ions. So we came to the conclusion that
a quazi-two-compartment cell was to be used.
Current–potential relationship and energy consumption

The non-steady-state linear current–potential relationship for
the synthesis of AgSD is shown in Fig. 2. The slope of the line is
a measure of cell conductivity and shows that in electro-
chemical synthesis of AgSD, an ohmic controlled process is
Scheme 1 Reaction mechanism for electrochemical synthesis of
AgSD.

Fig. 2 Variation of cell voltage and energy consumption with the
current density.

24106 | RSC Adv., 2019, 9, 24105–24109
taking place. On the other hand, the electrical energy
consumption is an important parameter in electrochemical
reactions for energy saving processes and process development.
The energy consumption for the electrochemical synthesis of
AgSD is calculated using the following equations:38

Energy consumption ¼ nFEcell

3:6� 104fM

where, n is the number of transferred electrons, F is the Faraday
constant (96 485 Cmol�1), Ecell is cell voltage (V),M is molecular
weight of AgSD (C10H9AgN4O2S) (357.14 g mol�1) and f is
current efficiency which is determined as follows:37

Current efficiency ¼ charge used in forming product

total charge
� 100

Electrical energy consumption depends on the cell voltage,
so that, as the current density rises, the energy consumption
increases linearly. An increase in the current density causes
a linear increase in the ohmic voltage and this increasing
voltage in turn causes an increase in the energy consumption
(Fig. 2).
Optimization of effective parameters

Here, the parameters inuencing on product yield and energy
consumption, including current density, amount of electricity,
sodium nitrate and nitric acid concentration have been studied
by one factor at the time method to nd the best condition. The
applied current density is one of the most important parameter
affecting the product yield, energy consumption (see previous
section) and the size of AgSD crystals. For this purpose, different
current densities were applied, ranging from 3.75 to 22.5 mA
cm�2 (15 to 90 mA) keeping the electricity consumed constant
and the yield of the silver sulfadiazine was calculated. The
results of these experiments show that the studied current
densities have no signicant effects on the yield of AgSD, so in
all experiments the yield was 97 � 2%. Our data also show that
there is a linear relationship between the amount of electricity
consumed and the yield of AgSD, so that for example, doubling
of the electricity consumption doubles the yield of AgSD.
Fig. 3 XRD patterns of the AgSD synthesized at applied current
density of: (A) 62.5 mA cm�2 and (B) 12.5 mA cm�2.

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Variation of energy consumption with the nitric acid
concentration.
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Another important effect of current density, is its effect on
the size of AgSD crystals. Fig. 3 shows the XRD patterns of AgSD
synthesized at 12.5 mA cm�2 (50 mA) and 62.5 mA cm�2 (250
mA) current densities. The peaks and peak positions are in good
agreement with the known XRD data for AgSD.32,38–41 The
average size of the crystalline particles synthesized at the
applied current, 50 mA (12.5 mA cm�2) was obtained using the
Scherrer's formula yield value of 0.26 micrometer (mm).
However, by increasing the applied current to 250 mA (62.5 mA
cm�2), the size of AgSD crystals decreases to 0.15 mm. These
results conrm that the size of AgSD crystals can be controlled
by controlling the applied current density.

The effect of sodium nitrate concentration on product yield
and energy consumption was investigated. For this purpose, the
sodium nitrate concentration varied from 0.018 M (0.025 gr) to
0.123 M (0.168 gr) while the other parameters (temperature ¼
298 K, charge consumed ¼ 18 C, sodium sulfadiazine concen-
tration¼ 0.18 mmol (0.05 g), nitric acid concentration¼ 0.05 M
and applied current ¼ 50 mA) are kept constant. Our data show
that changes in sodium nitrate concentration do not have
signicant effect on the yield of AgSD. However, Fig. 4 displays
the effect of sodium nitrate concentration on the energy
consumption in AgSD synthesis. As can be seen, energy
consumption decreased markedly with increasing concentra-
tion of sodium nitrate. This phenomenon is interpreted as
follows: an increase in the sodium nitrate concentration causes
a decrease in the ohmic voltage and this decreasing voltage in
turn causes a decrease in the energy consumption (Fig. 4). With
regard to the variation in energy consumption, the sodium
nitrate concentration 0.062 M (0.084 gr) was selected as the
optimum sodium nitrate concentration in AgSD synthesis.

The nitric acid in cathodic compartment was used as both
supporting electrolyte and for preventing pH rise. Therefore, the
nitric acid concentration is effective on the energy consumption
and should be investigated. For this purpose, the nitric acid
concentration varied from 0.01 to 0.1 M, while the other
parameters (temperature ¼ 298 K, charge consumed ¼ 18 C,
sodium sulfadiazine concentration ¼ 0.18 mmol (0.05 g),
sodium nitrate concentration ¼ 0.062 M and applied current ¼
Fig. 4 Variation of energy consumption with the sodium nitrate
concentration.

This journal is © The Royal Society of Chemistry 2019
50 mA) are kept constant. Fig. 5 shows the effect of nitric acid
concentration on the energy consumption in AgSD synthesis.

In accordance with Fig. 5, by increasing the nitric acid
concentration, energy consumption decreases due to decrease
in ohmic resistance. On the other hand, when the concentration
of acid in the cathode compartment is increased, the sulfadia-
zine ions in the anode compartment start to protonate disabling
Fig. 6 FE-SEM images of synthesized silver sulfadiazine.
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Fig. 7 The cell used in the synthesis of AgSD.

Fig. 8 EDS spectrum of as synthesized silver sulfadiazine.
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the formation of AgSD. With regard to these data, the nitric acid
concentration 0.05 M was selected as the optimum nitric acid
concentration in AgSD synthesis. It should be noted that
changes in nitric acid concentration, such as sodium nitrate do
not have signicant effect on the yield of AgSD.

The synthesized silver sulfadiazine under optimized condi-
tions was studied by FE-SEM to evaluate the morphology and size
of the AgSD particles (Fig. 6). This gure shows that the silver
sulfadiazine crystals are in micro size and rectangular shape
cube.42 The antibacterial effect of AgSD is limited by its low
solubility in water.43 On the other hand, it has been made clear
that, AgSD nanocrystals aggravate the cytotoxicity.44 These points
limit topical therapeutic effects of silver sulfadiazine to a large
extend.44 Therefore, we think that the AgSD microstructures will
have the highest efficiency for topical burn therapy.
Conclusions

We describe in this research the electrochemical synthesis of silver
sulfadiazine microcrystals based on using a simple quasi-two-
compartment cell equipped with an Ag rod as sacricial anode
24108 | RSC Adv., 2019, 9, 24105–24109
and stainless steel cathode for the rst time. The advantages of the
method, such as high and pure yield, use of common electrodes,
use of water as solvent, use of metal instead of expensive metal salt,
no need for oxidizing or reducing agents, low reaction time and low
energy consumptionwere observed. In addition, in thismethod, the
size of AgSD crystals can be easily controlled by controlling the
applied current density. This technique is environmentally-friendly
and easy to scale-up to synthesize silver sulfadiazine.

Experimental section
General remarks

Electrochemical synthesis of AgSD was carried out in galvanostatic
conditions using a Dazheng DC Power Supply PS-303D, China, in
a quasi-two-compartment cell equipped with a sacricial silver
anode and a stainless steel cathode. Fourier transmission infrared
spectrum (FT-IR) in KBr was done using a PerkinElmer Spectrum
GX spectrometer. The HITACHI S-4160 apparatus was employed for
the recording of eld-emission scanning electron microscopy (FE-
SEM) images. Melting point was recorded using Barnstead Elec-
trothermal instrument. Micro-compositional analysis of the AgSD
was done by energy dispersive spectroscopy (EDS, Rontec). X-ray
diffraction (XRD) tests of the AgSD was done by a Panalytical
X'pert PRO diffractometer. An Autolab model PGSTAT 30
potentiostat/galvanostat was used for cyclic voltammetry. Sodium
sulfadiazine (NaSD), nitric acid and sodium nitrate were purchased
from Sigma-Aldrich and used without further purication.

Cell design

The cell used in this work consists of a small cylindrical
chamber (2.5 cm diameter) equipped with a sacricial silver rod
anode containing aqueous sodium sulfadiazine and sodium
nitrate as the anode compartment inside a larger cylindrical
chamber as the cathode compartment equipped with a stainless
steel sheet cathode containing nitric acid solution (Fig. 7). The
ionic connection of two chambers is carried out through
a solvent surface layer. For this purpose, a semicircular groove
was made on the anode compartment at the solvent surface
layer (4 cm from the bottom). For more separation between
anolyte and catholyte solutions, a strip of ordinary fabric as
barrier is placed on the groove (Fig. 7).

Electrochemical synthesis of silver sulfadiazine

The quasi-two compartment cell shown in Fig. 7 is used for
electrochemical synthesis of AgSD. A water (16 mL) containing
sodium sulfadiazine (0.18 mmol) (0.05 g) and sodium nitrate (1
mmol) (0.085 g) was added to anode compartment. An aqueous
nitric acid (0.05 M) (45 mL) was added to cathode compartment.
Under these conditions, the solution level in the two compart-
ments is the same. The cell was subjected to electrolysis by
applying a current density of 12.5 mA cm�2 (or 50 mA) for 6 min.
At the end of electrolysis, a solid white precipitate was formed
which was collected by ltration and was rinsed with deionized
water several times until the eluate is free of silver ions. Aer
drying in oven at 100 �C for 6 h, the obtained white powder was
subjected to characterization by melting point, FT-IR and EDS
This journal is © The Royal Society of Chemistry 2019
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spectroscopy. Melting point: 285–287 �C [lit. 35 286–288 �C].
Yield: 97%. FT-IR(KBr): 555, 586, 735, 839, 977, 1077, 1136, 1233,
1424, 1502, 1552, 1583, 1598, 1654, 3076, 3119, 3262, 3444,
3391.41 The EDS spectrum of AgSD is shown in Fig. 8. This
spectrum only contains Ag, S, O, C and N elements.
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C. Platas-Iglesias, D. Esteban-Gómez, G. Alzuet-Piña,
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