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INTRODUCTION

In recent years, the study of nanoscience is a broad area
of research and development activity that has been growing
explosively for many researchers. Aluminium sulfide (Al2S3)
nanoparticles show a good applications in many areas of research
compare to Al2O3 nanoparticles especially in opto-electronic,
solar cells, transparent electrodes, phototransistors, gas sensors
and photodiodes [1,2]. Catalysis using Al2S3 nanoparticles is
a subject of great interest and intensive research is being carried
out to ensure the biological applications [3-5]. Al2S3 Nano-
particles has widely explored as a bifunctional catalyst for
oxygen reduction reactions and oxygen evolution reactions
(OER), due to their good physical and chemical properties
[6-8]. In broad range of devices Al2S3 has been incoordinate
along with heterogeneous catalysts energy storage devices and
energy conversion. Many of these functions enforced numerous
coating and thin film coatings technique [9-11].
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Nanosized Al2S3 in photocatalysts were consideration as
an encouraging tool for appliance in the purification of waste-
water and hydrogen energy production [12-14]. Al2S3 is a colour-
less solid with a variety of crystalline structures and sensitive
to moisture and hydrolyzes readily in contact with water and
slowly in moist air, generating gaseous H2S [15-18]. Many
researchers [19-23] reported the incorporation of semicond-
uctor Al2S3 nanomaterials into polymers by chemical methods.
In the present study, Al2S3 nanoparticles were synthesized by
electrochemical method, which is an environmentally friendly
method. The synthesized Al2S3 nanoparticles were used as
a photocatalyst for the degradation of carboxylic acids (tri-
chloroacetic acid, chloroacetic acid, acetic acid) and its
degraded kinetics were studied by volumetric method using
NaOH solution.

EXPERIMENTAL

All chemicals used to prepare Al2S3 nanoparticles were
analytical grades of purity. Aluminium electrode was purchased
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from Alfa Aesar. Trichloroacetic acid, chloroacetic acid and
acetic acid from Lobachemie, platinum electrode from Elico
Pvt. Ltd. All solutions were prepared in double-distilled water.
The optical properties for prepared aluminium sulfide nano-
particles were studied by UV-visible spectrophotometer
(Shimadzu-1700 series). The X-ray crystallographic inter-
pretations were performed by X-ray diffractometer (panalytical
x-pert) using CuKα wavelength (λ = 1.54 Å) scanning range
from 0 to 70 Å. The morphological feature for the prepared
aluminium sulfide study was determined by scanning electron
microscopy (SEM-EDEX) from Quanta-200 FEI, Netherlands.
The elemental analysis for the conformation of prepared Al and
S is confirmed from energy dispersive X-ray analysis (EDAX).

Synthesis of Al2S3 nanoparticles by electrochemical
method: Al2S3 Nanoparticles were synthesized by electro-
chemical method by using Al electrode in an aqueous system
with Na2S as a conductive salt. The Na2S acts as the sulphur
source. The two electrodes were dipped in the Na2S solution
and connected to the poles of a battery. The Al metal electrode
was connected to the positive terminal as anode and platinum
electrode was connected to a negative terminal called cathode,
using 20 mA current and potential of 10 V the experiment was
run for 2 h with continues stirring. The electrolytic cell is consis-
ting of 0.2 M of Na2S solution. The distance of the anode and
cathode during electrolysis was 2 cm. The electrochemically
generated S2− species reacted with Al3+ in the electrolyte to
produce Al2S3 nanoparticles. The experimental set up as shown
in Fig. 1 during electrolysis Al electrode get oxidized to give
Al3+ and react with S2− species to give Al2S3 nanoparticles. The
obtained solid is washed with double distilled water till complete
removal of unreacted Na2S. The solid Al2S3 was centrifuged
and calcined for 2 h at 800 ºC for dehydration and for the
removal of sodium hydroxide impurities, which has formed
in electrolysis and atmospheric oxidation. The mechanism for
the synthesized Al2S3 nanomaterial is given in Scheme-I.

Aluminium
electrode
as anode
(+)

Platinum
electrode as
cathode (–)

Na S solution2 0.2 M Na S2

Al S  nanoparticles2 3

800 °C

Al S  nanoparticles (pure)2 3

Fig. 1. Experimental set up for the electrochemical synthesis of Al2S3

nanoparticles

Al  Al3+ + 3e–

Na2S + 2H2O  2NaOH + S2– + H2

2Al3+ + 3S2–  Al2S3

Scheme-I

Determination of photodegradation kinetics by
volumetric method: In the present work, the volumetric titration
method was used to determine the degradation efficiency, by
measuring the concentration of carboxylic acid by the titration
against NaOH solution at different time intervals. The different
concentration of acid solutions (0.5 × 10-3 to 3 × 10-3 M) were
prepared using double distilled water. This solution was used
as a test contaminant for evaluating photocatalytic activities
of the prepared Al2S3 nanoparticles. The experiment was carried
out under tungsten-halogen UV-light in order to check the effect
of Al2S3 nanoparticles. After the complete degradation of carb-
oxylic acid no colour formation takes place with phenoph-
thaline-NaOH solution. A plot of log V/Vo versus time was
linear up to 60% of the reaction illustrates the appearance of
carboxylic acid follows first order kinetics. The COD values
had been investigated for both before and after degradation of
all the carboxylic acid solutions using dichromate oxidation
method [24,25]. The COD values were calculated by the follo-
wing eqn.:

FAS

Sample

(Blank Sample) N
COD 8000

V

− ×= ×

RESULTS AND DISCUSSION

UV-visible analysis: It is confirmed that from the optical
absorption spectra that the absorption band of Al2S3 nano-
particles showed a blue shift, which is due to particle size in
the nano region [26,27]. Fig. 2 shows that the synthesized Al2S3

nanoparticles has maximum intensity peak at 222 nm in the
UV-region and there is no absorption peak in the visible region.
Further, the rate of degradation of carboxylic acids in presence
of sunlight is very slow as compared to UV light. The UV-
visible spectrum of Al2S3 nanoparticles over the range 200-
700 nm showed that the synthesized nanoparticles were photo-
active under ultraviolet radiation. The band gap of synthesized
Al2S3 nanoparticles was calculated using Tauc′s plot [28,29]
by plotting (αhν)1/2 versus hν. The band gap energy of Al2S3

nanoparticle was found to be 3.07 eV.
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Fig. 2. UV-visible spectra (A) and Tauc plot (B) of Al2S3 nanoparticles
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XRD analysis: Fig. 3 shows the XRD pattern of synthe-
sized Al2S3 nanoparticles. The obtained peaks indicates the
presence of mixed phases of Al2S3. The position of the peak
appearing at 2θ values was 37.33º, 45.74º, 66.81º can be readily
indexed as (111), (212), (204) crystal planes of Al2S3 nano-
particles. All these diffraction peaks can be perfectly matched
with respect to their position with tetragonal crystal structure.
Debye-Scherrer′s equation [D = kλ/βcos θ] was employed to
calculate average crystallite size of the synthesized Al2S3
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Fig. 3. XRD pattern of Al2S3 nanoparticles

nanoparticles and found to be 25.76 nm [25]. Hence, XRD
analysis clearly indicates the presence of Al2S3 nano compo-
sition.

SEM analysis: Fig. 4 indicates that Al2S3 nanoparticles
were spherical structure and shows nanoflakes when observed
at different magnification. It is also clear that the particles
were agglomerated in nature .The SEM image shows randomly
distrubuted Al2S3 grains with smaller size. The EDAX spectrum
confirmed the presence of Al and S in the nanomaterial.

Photodegradation kinetics and COD measurements

Effect of carboxylic acids concentration: The effects of
concentration of carboxylic acids on the photodegradation
were carried out at four different concentrations of carboxylic
acid solutions varying from 0.5 × 10-3 to 3 × 10-3 M at constant
weight of Al2S3 nanoparticles. The change in concentration of
the carboxylic acids was recorded by appearance of pink colour
by using NaOH solution by volumetric method. A plot of log
V/Vo versus time was linear up to 60% of the reaction illustrate
the disappearance of carboxylic acid follows first order kinetics
(Fig. 5). The rate constant values are given in Table-1 and the
rate of reaction decreased with increase the acid solution. The
reason beyond with increase the acid concentration, the solution
becomes more intense and the path-length of photons increase
entering the solution and the rate of reaction is decreased and
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Fig. 4. SEM and EDAX images of electrochemically synthesized Al2S3 nanoparticles
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Fig. 5. Effect of concentration of carboxylic acids on the rate of degradation under UV light (A) trichloroacetic acid (B) chloroacetic acid (C)
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a few photons reached the catalyst surface. Hence, the produc-
tions of hydroxyl radicals were reduced. Therefore, the photo-
degradation efficiency is reduced.

The COD were measured before and after degradation
and are given in Table-1. To account for the mineralization of
acids solution, COD value was also investigated at different
stages (Fig. 6). The formation of different radical species during
photodegradation is given in Scheme-II. The carboxylic acid
solution was found to have mineralized into H2O, CO2 and
inorganic salts [30]. The photodegradation efficiency of the
photocatalyst was calculated by the following eqn.:

Initial COD Final COD
Photodegradation efficiency 100

Initial COD

−= ×

e–
cb + O2 O2

–

h+
vb + H2O H+ + •OH

•O2
– + H+ HO2

•

HO2
• + e–

cb + H+ H2O2

H2O2 + •O2
– –OH + •OH + O

•OH + Carboxylic acid CO2 + H2O + Simple inorganic salts

Scheme-II

Effect of catalyst loading: Effect of catalyst was carried
out by taking four different amount of catalyst varying from

0.005 to 0.03 g keeping acid concentration constant. The study
showed that the increase of the catalyst from 0.005 to 0.03 g
increased degradation efficiency of acid. Further with increase
of catalyst above 0.02 g photoactivity of catalyst is decreased,
due to aggregation of Al2S3 nanoparticles at higher con-
centration causing a decrease in the number of active sites on
catalyst surface and increase in the light scattering of Al2S3

nanoparticles [31]. This tends to decrease the passage of light
through the sample. Further, the present study indicated, the
optimized photocatalyst loading is 0.02 g/20 mL. The rate
constant and COD values are reported in Table-2 and Figs. 7
& 8.

Effect of temperature: It was observed that when temper-
ature increased, the degradation efficiency of acid is increased,
and the rate of degradation is not very significant at low temper-
ature. However, the reaction is more significantly influenced
at high temperature since the diffusion rate increased with temp-
erature. An increase of temperature could bring about an increase
in the degradation rate [32]. The rate constant and COD values
are given in Table-3 and Figs. 9 and 10. The Thermodynamic
parameters were calculated for carboxylic acids degradation
and are reported in Table-4.

Linear free energy relation (LFER): The structural modi-
fication of a reactant molecule may influence the rate or equili-
brium constant of a reaction through polar, steric and resonance
effects. Out of a number of empirical models for the description
of relationships between structures and reactivity the most
successful and intensively used are the linear free energy relation-
ships. The experiment were made to arrive at a linear free energy

TABLE-1 
EFFECT OF PHOTODEGRADATION AT DIFFERENT CONCENTRATION OF CARBOXYLIC ACIDS UNDER UV LIGHT 

COD Values (mg/L) 
Catalyst 
(0.02 g) 

Carboxylic 
acid 

Concentration of 
acid in 10-3 N 10-3 (k s-1) 

Time taken for 95% 
degradation (min) Before 

degradation 
After 

degradation 

Photodegradation 
efficiency (%) 

0.5 4.41 15 512 8 98.43 
1.0 2.08 50 992 16 98.38 
2.0 0.38 230 1216 16 98.68 

Cl3CCOOH 

3.0 0.24 380 1296 32 97.53 
0.5 2.97 30 416 16 96.15 
1.0 1.89 60 704 16 97.72 
2.0 0.34 270 816 32 96.07 

ClCH2COOH 

3.0 0.17 390 992 32 96.77 
0.5 2.14 50 352 16 95.45 
1.0 0.99 90 544 16 97.05 
2.0 0.28 290 592 32 94.59 

Al2S3 
nanoparticles 

CH3COOH 

3.0 0.11 410 672 32 95.23 
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TABLE-2 
EFFECT OF CATALYST LOADING ON THE PHOTODEGRADATION OF CARBOXYLIC ACIDS UNDER UV LIGHT 

COD values (mg/L) 
Carboxylic acid Al2S3 

nanoparticles (g) 
10-3 (k s-1) Time taken for 95% 

degradation (min) Before degradation After degradation 
Photodegradation 

efficiency (%) 

0.005 0.56 180 992 16 98.38 
0.01 0.76 120 992 48 95.16 
0.02 2.08 50 992 16 98.38 

Cl3CCOOH 
(1.0 × 10-3 N) 

0.03 0.71 60 992 16 98.38 
0.005 0.37 240 704 16 97.72 
0.01 0.65 140 704 32 95.23 
0.02 1.89 60 704 16 97.72 

ClCH2COOH 
(1.0 × 10-3 N) 

0.03 0.54 80 704 16 97.72 
0.005 0.29 270 544 32 94.11 
0.01 0.49 130 544 16 97.05 
0.02 0.99 90 544 16 97.05 

CH3COOH 
(1.0 × 10-3 N) 

0.03 0.40 110 544 32 94.11 
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TABLE-3 
EFFECT OF TEMPERATURE ON THE PHOTODEGRADATION OF CARBOXYLIC ACIDS UNDER UV LIGHT 

COD values (mg/L) 
Carboxylic acid Catalyst Temperature 

(K) 
10-3 (k s-1) 

Before degradation After degradation 
Photodegradation 

efficiency (%) 

293 0.74 992 16 97.99 
298 2.08 992 16 97.99 

Cl3CCOOH 
(1.0 × 10-3 N) 

0.02 g 
Al2S3 nanoparticles 

308 2.99 992 32 96.77 
293 0.56 704 48 93.18 
298 1.89 704 16 97.72 

ClCH2COOH 
(1.0 × 10-3 N) 

0.02 g 
Al3S3 nanoparticles 

308 2.29 704 32 95.45 
293 0.43 544 16 97.05 
298 0.99 544 16 97.05 

CH3COOH 
(1.0 × 10-3 N) 

0.02 g 
Al2S3 nanoparticles 

308 1.68 544 32 94.11 
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TABLE-4 
THERMODYNAMIC PARAMETERS FOR CARBOXYLIC ACIDS 

Carboxylic acid Temperature (K) ∆H# (KJ mol-1) ∆S# (J K-1 mol-1) ∆G# (KJ mol-1) Ea 

293 
298 Cl3CCOOH 
308 

37.33 -165.21 89.32 9.51 

293 
298 ClCH2COOH 
308 

58.75 -94.76 89.64 14.64 

293 
298 CH3COOH 
308 

67.38 -70.00 90.86 16.70 

 
relation for the oxidation/photodegradation of carboxylic acids
by using Al2S3 nanopartricles. The results of Taft equation were
obtained from the plot of log k versus σ*. The following regre-
ssion equation was obtained.

log k = 0.28 σ* – 3.09 (r = 0.993)  (3)

The positive value of polar constant σ* although small it
indicate that electron donating capacity decreases the rate of
degradation. The rate of oxidation/degradation of carboxylic
acids by using Al2S3 nanopartricles decrease in the order:

Trichloroacetic acid > Chloroacetic acid > Acetic acid

The activation energy value is highest for the slowest reaction
and vice-versa indicated that the reaction is enthalpy controlled.
The activation enthalpies (∆H#) and entropies (∆S#) for the
degradation of carboxylic acids through oxidation were linearly
related. From the slope of the plot of ∆H# versus ∆S# (r = 0.993)
the isokinetic temperature (β) was calculated and found to be
338 K. This is further verified by employing the Exner criterion
[33,34] with a plot of log k1 at 298 K versus log k2 at 308 K

which is linear. From the Exner′s slope, β was calculated by
using following expression [35] and found to be 342 K.

2 1

2 1

T T (b 1)

(bT T )

−β =
− (4)

where, k1 and k2 were the rate constants at temperature T2 and
T1, respectively and T2 > T1, b is the slope of log k2 against log
k1.

The value of β is higher than the temperature range employed
in the present work, supporting the fact that the oxidation of
carboxylic acids is enthalpy controlled. The fairly high negative
values of entropy of activation point towards the formation of
fairly rigid activated state. The constancy of ∆G# values indicates
that carboxylic acids undergo oxidation/degradation via an
identical mechanism [36].

Effect of light intensity: The photodegradation rate cons-
tant is compared with UV light and sunlight. It is perceived
that the photodegradation rate constant is increased in UV light
compared to sunlight for synthesized Al2S3 nanoparticles. The
reason is due to the fact that when a photon interact on a semi-
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conductor (Al2S3), the energy overtake the band gap energy of
the semiconductor. An electron jumps from the valence band
to the conduction band leaving a hole in the valence band.
The excited state conduction band electrons and valence band
hole can recombined and dissipate energy in the form of heat
and get trapped into the metastable surface states, respectively
with electrons acceptors and donors that happened to be adsor-
bed on the semiconductor surface. The stored energy is dissi-
pated within a few nanoseconds by recombination in the absence
of suitable e−/h+ scavengers. If a suitable scavenger is available
to trap the electron, then the recombination could be prevented
i.e. subsequent redox reaction may occur. Therefore, Al2S3

nanoparticles act as a good photocatalyst and is active under
UV light compared to sunlight. The rate constant for degra-
dation in sunlight is given in Table-5 and Fig. 11. This also
supports the observed energy band gap 3.07 eV in the UV-
visible spectral study.

Reuseability of catalyst: The reuse of catalyst was investi-
gated to check the efficiency of photodegradation of carboxylic
acid solutions. After the complete degradation of acid solution,
degraded acid solution was kept outside for 9 h without exposing
the UV-light and supernatant liquid sample was decanted. The
catalyst was thoroughly washed with double-distilled water
and reuse for the photodegradation by taking new acid solutions.
The reuse of photocatalyst shown almost same degradation
efficiency compared to the fresh sample. Hence, the photo-
catalyst can be regenerated and reused.

Degradation in sunlight: A comparison of photoactivity
with sunlight was carried out .The photocatalytic experiments
were carried out by taking 20 mL of 1.0 × 10-3 N carboxylic
acid solution and 0.02 g of synthesized Al2S3 nanoparticles in
50 mL beaker. All experiments were carried out in an open
atmosphere between the times of 9:45 A.M. to 3:00 P.M. in
presence of sunlight. It is clear that rate of degradation is very
slow in sunlight compare to UV light (Fig. 11). Hence, the

synthesized nanoparticles were active under UV light. The
rate constant values are shown in Table-5.

Antibacterial assay: The antibacterial susceptibility of
compound was evaluated by using the disc diffusion Kirby-
Bauer method in Mueller Hinton agar plate [37,38]. The study
was subjected to evaluate the ability of synthesized nanoparticles
as antibacterial agent against two bacterial strains was obtained
from Microbial Typing Culture Collection (MTCC), Chandigarh,
India. Gram-positive Bacillus subtilis (MTCC 2763) and
Gram-negative Escherichia coli (MTCC 40) were cultured as
per the protocol prescribed by MTCC. A 20 mL of sterilized
and molten Mueller-Hinton Agar media was poured into the
sterilized petri plates. The reference bacterial strains were
cultured overnight at 37 ºC in Mueller-Hinton broth and adjusted
to a final density of 107 CFU/mL by 0.5 McFarland standards.
A 100 µL of the pathogenic bacteria cultures were transferred
onto plate and made culture lawn. The comparative stability
of discs containing gentamycin was made. Al2S3 Nanoparticles
were loaded into 6 mm sterile discs and placed on the culture
plates and incubated at 37 ºC for 24 h. The antibacterial activity
was evaluated by measuring the diameter of zone of inhibition
(ZOI) formed around the disc, the antibacterial efficacy of
Al2S3 nanoparticles was determined. All assays were performed
in triplicates. The results of antibacterial activity of Al2S3 nano-
particles are given in Table-6, it can be concluded that synthe-
sized nanoparticles shows an appreciably good inactivation
of different strains of bacteria.

TABLE-6 
ANTIBACTERIAL EFFECT OF Al2S3 NANOPARTICLES BY 

ZONE OF INHIBITION (mm) AGAINST TEST STRAINS 

Test bacteria 
Al2S3 

nanoparticles 
Positive control 

gentamycin (10 µg) 
Bacillus subtilis MTCC 2763 17.04 ± 0.04 20.05 ± 0.08 
Escherichia coli MTCC 40 15.10 ± 0.13 22.14 ± 0.15 

 
TABLE-5 

EFFECT OF RATE OF DEGRADATION IN SUNLIGHT AND UV LIGHT 

Catalyst 0.02 g 
Concentration of carboxylic 

acid (0.001 N) 
Sunlight 

(10-3 k s-1) 
Time taken for 95% 
degradation (min) 

UV light 
(10-3 k s-1) 

Time taken for 95% 
degradation (min) 

Cl3CCOOH 0.310 160 2.08 50 
ClCH2COOH 0.207 210 1.89 60 

Al2S3 

nanoparticles 
CH3COOH 0.149 240 0.99 90 
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Fig. 11. (A) Effect of concentration of carboxylic acids on the rate of degradation (B) COD values under sunlight
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Conclusion

In present study, Al2S3 nanoparticles were synthesized
successfully by electrochemical method. To know the activity
of synthesized Al2S3 nanoparticles were investigated by the
kinetics of photodegradation of carboxylic acids by using volu-
metric method against NaOH solution. Kinetics of photo-
degradation of carboxylic acids recommended that the degra-
dation of acids follows first order kinetics. The photodegradation
were carried out in UV light and sunlight, the study shows the
rate is low in sunlight when compared to UV light. The complete
degradation of acid solution was confirmed by COD measure-
ment. The COD values revealed that 96% of acid had been
degraded. The synthesized nanoparticles also showed a  mode-
rate inactivation of different strains of bacteria.
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