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Abstract. In this study, an effort has been made to synthesize diatomite/silver phosphate (DT/AgP) composites and dye
degradation test was carried out to evaluate the photocatalytic activity under solar light irradiation. Diatomite–silver
phosphate composites with different DT/AgP ratios were prepared by precipitation of Ag3PO4 on diatomite that led to the
formation of small Ag3PO4 particles on the diatomite surfaces. UV–visible diffuse reflectance analysis shows that DT/
AgP composites can absorb visible wavelength, whereas TiO2 catalyst only work under UV irradiance. Compared to pure
AgP, the composite samples show higher specific surface area measured by Brunauer–Emmett–Teller analysis. Dye
degradation test under solar light irradiation reveals that the photocatalytic reaction follows a pseudo-first-order rate law
and the composite catalyst with DT/AgP ratio 1:0.8 shows better catalytic activity towards both rhodamine B and methyl
orange degradation. As reference, a well-known commercial TiO2 (Evonik-P25) was used in dye degradation test. It could
be presumed that deposition of silver phosphate clusters (Ag3PO4, AgP) on diatom frustules (diatomite) provided an
efficient photocatalyst activated by solar light irradiation.
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Introduction

There has been many efforts to develop visible light photocatalysts for the remediation of air and water pollution
[1–3]. Many candidates such as inorganic, molecular, and
organic/inorganic hybrid materials, have been explored to
meet specific requirements in photocatalytic reaction [4,5].
Among them, some semiconductors exhibit high photocatalytic activities towards decomposing organic pollutants,
CO2 reduction as well as splitting water into hydrogen and
oxygen for clean energy production [6]. Undoubtedly, TiO2
is the most popular photocatalyst developed till now,
however, it only absorbs ultraviolet light (3–5% of entire
solar spectrum) due to higher band gap (3.2 eV) limiting its
applicability [7].
Recently it has been discovered that, silver orthophosphate (Ag3PO4) exhibits high photo-oxidative properties for
generating O2 from water and the degradation of organic
pollutants under visible-light irradiation due to the efficient
separation of photoexcited electrons and holes [8]. Ag3PO4
has a band gap of 2.45 eV and under visible light irradiation, its quantum efficiencies achieve up to nearly 90% at
wavelengths greater than 420 nm, which is significantly
higher than that of other semiconductors [9,10]. However,
the conversion of Ag? into Ag0 during photocatalytic process destroys the structure of Ag3PO4 and reduces the light
absorption efficiency which limits its prolonged use.

Moreover, large particle size and production cost limits its
use as an active photocatalyst [11–13]. To overcome this,
silver phosphate has been used to form multiphase materials
which include semiconductors like TiO2 and carbon materials like graphene, graphene oxide and carbon quantum
dots [14–16]. Therefore, it is very important to develop an
economical and efficient material to further improve
Ag3PO4 catalyst.
When developing a solid supported heterogeneous photocatalyst, it is important to combine a nanostructured
photocatalyst and a large area substrate that facilitates
effective mass transfer during the reaction. In addition,
several studies demonstrate that silica plays a crucial role in
the photocatalytic reaction by preventing electron–hole
recombination and providing hydroxyl groups for hole
capturing [17,18]. Recently, Sharma et al [19] reported that
Ag3PO4 nanoparticle is supported by SiO2 spheres, which
exhibited efficient visible light photocatalysis for the
degradation of rhodamine B (RhB) dye. These kinds of
support can reduce the cost for the synthesis of Ag3PO4based photocatalysts as well as improve the photocatalytic
activity. High adsorption capacity of amorphous SiO2 make
it advantageous in preparing supported catalysts [20]. Apart
from artificial silica structures, there is a wide availability of
the natural biogenic silica structures, which are amorphous
and porous with mesoporous features and are economical as
well.
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Diatomaceous earth (DE), fossilized remains of diatoms,
a type of hard-shelled algae is an interesting biogenic
siliceous material. Diatomite, which is rich in silicon
dioxide (SiO2 87–91%), have specific advantageous properties: it is amorphous with porous structure, low density
and conductivity. DE is extensively being applied in many
diversified fields, such as filtering material, adsorbents and
catalyst support [21–29]. In our previous study, we have
successfully developed nanocrystalline TiO2–diatomite
composite catalysts, which exhibit efficient photocatalytic
degradation of RhB [30]. In the present study, efficient
diatomite/Ag3PO4 catalysts were synthesized through a
facile method. The composition, morphology and optical
properties of the synthesized diatomite/Ag3PO4 catalysts
were carefully investigated. The photocatalytic performance
of diatomite/Ag3PO4 catalyst was evaluated by the photodegradation of both RhB and methyl orange (MO) in water
under solar radiation.

2.

Experimental

The Ag3PO4/diatomite samples were prepared by using a
co-precipitation method at room temperature. Diatomite
powder (Alfa Aesar), silver nitrate (AgNO3, J.T. Baker) and
di-potassium hydrogen phosphate were the catalyst precursors. Five different weight ratios of diatomite to silver
phosphate were tested, namely 1:0.28 (DTAgP2), 1:0.42
(DTAgP4), 1:0.84 (DTAgP8) and 1:1.68 (DTAgP16).
Before use, as received diatomite powder was washed in
distilled water and ethanol and calcined at 600°C to remove
any organic impurity. In the synthesis of diatomite–Ag3PO4
composite, diatomite powder (50 mg) was first dispersed in
water by stirring and then, an aqueous solution of silver
nitrate was added and stirred overnight. An aqueous dipotassium hydrogen phosphate (K2HPO43H2O) solution
was added dropwise to the silver deposited diatomite suspension. After the addition of di-potassium hydrogen
phosphate, a yellow precipitate was formed and the precipitate was centrifuged, washed with ethanol and water
several times and dried at 70°C to get the composite powders. Pure Ag3PO4 was also synthesized in similar way by
maintaining Ag/P ratio 3:1.

2.1
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2000e (Quantachrome Instruments, USA) apparatus at
-196°C. The samples were degassed for 3 h at 105°C.
Specific surface area (SSA) was measured by multipoint
Brunauer–Emmett–Teller (BET) method using the adsorption data in the relative pressure range of 0.05–0.35. UV–
visible diffuse reflectance spectra were measured using
Agilent Carry 5000 spectrophotometer in the wavelength
range of 200 to 800 nm. Fourier transform infrared (FTIR)
spectroscopy was performed using Spectrum One (PerkinElmer) spectrometer equipped with ATR (attenuated total
reflectance) facility at a frequency range of 400–4000 cm-1.

2.2

Photocatalytic activity evaluation

RhB and MO were chosen as the organic pollutants to
evaluate the photocatalytic activity of the samples under
solar light irradiation. The experiment was performed in a
photocatalytic reactor, comprised of solar lamp, stirring and
cooling system. The solar irradiation was generated by a
300 W tungsten lamp (Sanolux, Radium Lampenwerk,
Irradiance 41.4 W m-2 at 380–700 nm wavelength), which
is similar to the complete radiation mixture of natural alpine
sunlight. The samples to be tested (1 g l-1) were dispersed
in 200 ml of RhB/MO aqueous solution (10 9 10-6 M) and
irradiated with the solar light. For all the samples, experiments were performed without adding any acid/base catalyst (pH value of the dye solutions were found to be *4–5).
Before exposing to the solar light, the suspensions were
stirred in the dark overnight to reach the adsorption–desorption equilibrium. Photocatalytic decomposition of RhB
and MO was monitored by measuring the intensity of the
absorption band at 554 and 463 nm of the respective dyes.
Irradiated solution was taken out at regular time intervals
and the absorption spectra were measured using Agilent
Cary 5000 series UV–visible spectrophotometer. Prior to
the spectral measurement, the dye solutions were separated
by centrifugation from the catalysts.
The processes for evaluation of the stability and recyclability of the composites were conducted as follows: at the
end of each cycle, the suspension was centrifuged and the
supernatant was analysed by spectrophotometer and the
residue was dried and tested again for the catalytic
reusability.

Characterization
3.

The crystalline microstructures were investigated by X-ray
powder diffraction (XRD) using Rigaku Ultima diffractometer, with Cu Ka radiations generated at 40 kV and
20 mA. The morphology of pure diatomite, Ag3PO4 and the
prepared DTAgP were studied using a EVO-Zeiss
(Jena, Germany) scanning electron microscope (SEM) and
Ag3PO4 deposition on diatomite was confirmed by energydispersive spectroscopy (EDS, Bruker). N2 adsorption/
desorption measurements were performed using NOVA

Results and discussion

XRD patterns of pure diatomite (DT), pure silver phosphate
(AgP) and the composite show (figure 1) amorphous nature
of diatomite. The formation of the pure body-centred cubic
silver phosphate is evident from figure 1b (JCPDS No.
84-0512) [19], while figure 1c–e shows the presence of
silver phosphate in all synthesized composites confirming
the formation of diatomite–Ag3PO4 composites without any
impurities. This result also illustrates that the incorporation
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Figure 1. XRD spectra of pure diatomite (DT, curve a), pure
Ag3PO4 (AgP, curve b), composite with different DT/AgP ratios
(curve c–e) and DTAgP8 after 4th consecutive run (curve f).

Figure 2.
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of Ag3PO4 on diatomite had no effect on the crystal structure of Ag3PO4.
Field-emission scanning electron microscopy (FE-SEM)
was used to characterize the morphology and structure of
as-synthezised samples. It can be seen in figure 2a that pure
Ag3PO4 has a framework structure composed of aggregated
nanoparticles of irregular sphere and polyhedral morphology with size &200 nm. In figure 2b, it can be observed
that the Ag3PO4 nanoparticles have an average size of
200 nm uniformly distributed on the surface of micron sized
diatomite, which has well-defined arrays of meso pores and
also it could be observed that the cylindrical diatomite is
filled with Ag3PO4 nanoparticles. The EDS chemical
spectrum and mapping of diatomite/Ag3PO4 are reported in
figure 2c and d, from which we can see the distribution of
elements Si, Ag and P and the coexistence of diatomite/
AgP, respectively. The molar ratio of Ag/P obtained from
EDS spectra is *3.1 corresponding to Ag to P ratio in
Ag3PO4.
The adsorption–desorption plots of (a) pure silver phosphate, (b) pure diatomite and (c) composite DTAgP8 show

(a) SEM image of AgP, (b) SEM image of DT/AgP, (c) EDS mapping of DTAgP8 and (d) EDS spectra of DTAgP8.
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Figure 4. FTIR spectra of pure diatomite (DT, curve 1) and
diatomite–Ag3PO4 composite with different DT/AgP ratios (curves
2–5) along with spectra of pure Ag3PO4 (curve 6).

Figure 3. N2 sorption isotherms of (a) pure Ag3PO4, (b) diatomite and (c) DTAgP8.
Table 1. BET surface area and band gap determination of different composites.
Samples
DT
Ag3PO4
DTAgP2
DTAgP4
DTAgP8
DTAgP16

Specific surface area
(m2 g-1)a

Pore volume
(cc g-1)

Band gap
(eV)b

24.4
4.1
12.3
9.1
6.3
4.5

0.06
0.004
0.026
0.015
0.009
0.005

—
2.423
2.462
2.442
2.436
2.425

a

Calculated from the linear part of the adsorption isotherm in figure 3.
Calculated from the absorption spectra in diffuse reflectance mode
(figure 5).
b

the type-II adsorption isotherm (figure 3). In case of pure
Ag3PO4, the isotherm shows no volume uptake in partial
pressure region (0.4–0.9). The surface area of DT was found
to be 24.4 m2 g-1, whereas the surface area of pure Ag3PO4
was 4.1 m2 g-1. The composites DTAgP2, DTAgP4,
DTAgP8 and DTAgP16 have surface area of 12.3, 9.1, 6.3
and 4.5 m2 g-1, respectively. Pore volume obtained for all
catalysts is reported in table 1. It can be seen that surface

area of the composite material decreases with increasing
Ag3PO4 loading on the diatomite.
Figure 4 shows the FTIR spectra of pure DT, pure
Ag3PO4 and DT/AgP composites with different compositions. Pure DT shows the strongest vibration bands at 1082
and 796 cm-1 due to the Si–O–Si asymmetric stretching
and Si–O–Si symmetric stretching vibrations of silica
framework of diatomite [31,32]. With increasing Ag3PO4
content, the intensity of these bands decreases consistently
in DT/AgP composites and vanishes for the pure Ag3PO4
sample. Ag3PO4 and DT/AgP composites show strong
bands at 940–1000 cm-1 region and 546 cm-1 that could be
assigned to the P–O asymmetric stretching vibrations of the
phosphate (PO3
4 ) ions arising from the silver phosphate.
The other noticeable strong band at 546 cm-1 arises from
the O=P–O bending vibrations of the phosphate ions.
Gradual decrease in intensity of the bands due to the
phosphate ions with decreasing Ag3PO4 content in the DT/
AgP confirms the variation of the reported DT/AgP ratios in
different compositions [1,33].
Figure 5A shows the diffuse reflectance spectra (DRS) of
the composite powders in absorbance mode. Pure Ag3PO4
shows distinct absorption in 460–500 nm wavelength range
with absorption edge around 525 nm, which is in good
agreement with the energy band gap of pure Ag3PO4
(*2.42 eV, estimated from DRS spectra). The absorption
band of the diatomite–Ag3PO4 composites (DTAgPx)
decreased and became broad with decreasing Ag3PO4
content along with shifting of the absorption edge towards
lower wavelength.
From UV–visible DRS analysis, it is clear that the DT/
AgP composites can absorb solar energy with a wavelength
shorter than *530 nm and implies that DT/AgP composite
is a potential photo-catalyst for visible light degradation.
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Figure 5. (A) UV–visible absorption spectra of the composites
measured in reflectance mode. (B) Plot of (Ahm)1/2 against photon
energy (eV) derived from the absorption spectra.

The band gap energy of the composites was calculated from
the DRS spectra (figure 5B) and reported in table 1. The
energy band gap was calculated from the Tauc’s plot of the
DRS spectra considering the following equation:
ðahmÞ1=n ¼ Aðhm  Eg Þ;
where a, h, m are absorption co-efficient, Plank’s constant
and light frequency, whereas A and Eg are proportionality
constant and band gap, respectively. It is assumed that
Ag3PO4 is an indirect band gap semiconductor with n = 2.
The assumption is confirmed by the straight line near the
absorption threshold of the plot of (ahm)1/2 vs. incident
photon energy (hm). The band gap value has been estimated
as the starting point for the linear section. The band gap of
pure Ag3PO4 was found to be 2.423 eV. The energy band
gap in the silver phosphate diatomite system is increased
with decreasing Ag3PO4 content in the DTAgPx
composites.
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Figure 6. RhB dye degradation under solar irradiation. Plot of
(a) C/C0 against reaction time and (b) –ln(C/C0) vs. reaction time
of pure Ag3PO4 and DTAgPx composites along with commercial
P25 TiO2 as a reference material.

The photocatalytic activities of the DTAgPx systems
were evaluated from dye degradation tests under the solar
radiation. Solar photocatalysis of the cationic dye, RhB and
anionic dye, MO is presented in figures 6 and 7,
respectively.
Figures 6a and 7a show the plots of C/C0 vs. reaction
time with RhB and MO dyes, where C0 is the initial concentration and C is the concentration with exposure time of
the respective dye solutions. Figures 6b and 7b show the
plots of –ln(C/C0) against reaction time of the respective
dyes from which the photodegradation reaction rate constants of each sample were calculated and summarized in
table 2. Photodegradation of the dyes with the benchmark
photocatalyst, Evonik-P25 TiO2 is also reported for comparison. For both the dyes, the photodegradation reaction
followed the pseudo-first-order reaction kinetics and the
pseudo-first-order rate constant (K). The value of K for
AgP8 was found to be higher than that of other samples.
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Figure 7. MO dye degradation under solar irradiation. Plot of
(a) C/C0 against reaction time and (b) –ln(C/C0) vs. reaction time
of pure Ag3PO4 and DTAgPx composites along with commercial
P25 TiO2 as a reference material.
Table 2. Reaction rate constant parameters of DTAgPx composites and P25 performed with RhB and MO dyes.
RhB
Photocatalysts
AgP2
AgP4
AgP8
AgP16
Ag3PO4
P25

K (10-2)a
7.06
11.65
14.39
11.8
6.19
7.6

MO
R2

b

0.786
0.991
0.983
0.963
0.877
0.999

K (10-2)a
3.18
3.41
7.49
6.56
3.29
2.45

R2

b

0.953
0.858
0.993
0.998
0.920
0.979

a

Reaction rate constant (min-1).
Regression coefficient.

b

Pure diatomite did not show any photocatalytic activity for
both dyes resulting a flat curve and the reaction rate

(2020) 43:295

Figure 8. (a) Four consecutive cycles of RhB dye degradation
under solar light irradiation. (b) Histogram of the reaction rate
constant of the cycles with respective values.

constant calculation was not included for DT. It is observed
that DT–AgP composites showed higher photocatalytic
efficiency than pure Ag3PO4 and P25 TiO2. For the composites, with increasing Ag3PO4 content, reaction rate
constant also increases and is maximum for AgP8 sample.
Beyond this ratio, AgP16, the rate constant decreases,
making AgP8 the most efficient photocatalyst. AgP8 composite exhibited the apparent rate constant of 14.39 9 10-2
min-1 for RhB degradation and 7.49 9 10-2 min-1 for MO
degradation, which are much higher than pure Ag3PO4 and
P25 TiO2 and other composites as well.
The stability of DTAgP8 is confirmed by cycling the dye
degradation tests. Constant degradation rate is observed
even after 4 consecutive runs (figure 8). After 4th run, a
small decrease in rate constant was observed and this may
be attributed by the partial reduction of Ag3PO4 to Ag
confirmed by XRD spectra (figure 1f) by the formation of
low intensity peak observed for face-centred cubic metallic
silver (JCPDS #76-1393). This data confirms the reusability
of DTAgP8 in solar photocatalysis experiment.
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Figure 9. Schematic presentation of the photocatalytic mechanism of the diatomite–AgP
composites under solar light illumination.

Low photocatalytic activity of P25 is due to low photon
absorption capacity from the solar light caused by the large
band gap of P25 TiO2 (*3.2 eV), whereas lower activity of
pure Ag3PO4 could arise from the fast recombination of the
photo-generated electron–holes and lower specific surface
area as well (table 1). The possible photocatalytic mechanism and reaction pathway is shown in figure 9.
It is assumed that the photogenerated electrons in the
conduction band are transferred to the diatomite surface
(made with mainly amorphous silica), where it forms
reactive superoxide radical anions by reacting with the
atmospheric oxygen. On the other hand, the holes generated
at the valence band could come in contact directly with the
water molecules adsorbed by the composites to form
hydroxyl radicals. These radicals take an active role in the
photodegradation of the RhB and MO dye molecules
[34,35]. So the highest activity of AgP8 composite could be
explained assuming a charge separation and higher surface
area compared to pure Ag3PO4. This is confirmed from
investigations performed by other authors on the Ag3PO4–
silica system [36,37].

4.

Conclusions

Silver phosphate loaded on diatomite support was successfully synthesized. Silver phosphate nanoparticles covered both surface as well as the porous channel of the
diatomite. The system formed by the catalyst supported by
diatomite proved to be very different from the catalyst alone
in many respects. The energy band gap in the silver phosphate diatomite system increased with decreasing Ag3PO4
content. Photocatalytic activity increased up to a certain
ratio of Ag3PO4 to diatomite in the synthesized composites.
The better performance of the supported system with
respect to pure silver phosphate is explained with the

enhanced charge separation on the DT–AgP composite
surface and with the higher specific surface. The highest
performing composite also showed good photocatalytic
stability after several repetition of degradation test. For
practical applications, large amounts of Ag3PO4 loaded
diatomite could be prepared due to lower cost of diatomite
and after all it will be easy to separate the photocatalyst
from the solution after photocatalytic reaction.
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