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Abstract

Tuning the morphology of AgsPO4 photocatalysts with an elevated concentration of KH2PO4 have been
successfully conducted. This photocatalyE} was prepared by starting material of AgNO=» and KH2POa.
The KH:2PO4 aqueous solution with five concentrations of 0.10 M, 0.15 M, 0.30 M, 0.45 M, and 0.60 M
was reacted with AgNOz aqueous solution. The products were characterized using X-ray Diffraction
(XRD), UV-Vis Diffuse Reflectance Spectroscopy (DRS), and Scanning Electron Microscopy (SEM). The
concentration of KHsPOy significantly affected the morphology, size, and crystallinity of catalyst. The
morphology of AgsPOs may be tuned with the synthesis using an elevated concentration of KH:PO4.
[Bhe sample with the synthesis using 0.15 M of KH2PO4 exhibited the excellent photocatalytic activity.
The high photocatalytic activity was caused by the small size of mixed morphology of sphere and tetra-
hedron, high crystallinity and defect sites. Copyright © 2019 BCREC Group. All rights reserved
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1. Introduction A new candidate of photocatalyst, silver or-
thophosphate (AgsPO4), exhibits an effective
and efficient photocatalyst due to a very high
oxidation activity under visible light irradiation
[2]. It is proven that the AgsPO4 has excellent
photocatalytic activity with a quantum yield of
90% and has a band gap energy of 2.43 eV. The
AgsPOs photocatalyst is very potential to de-
grade the organic compound of Rhodamine B
[3], bisphenol A [4,5], phenol [6,7], methylene
blue [8], microcystins [9], and atrazine herbicide
[10].

AgsPO4 photocatalysts may be synthesized
by several methods. Coprecipitation [5,11], hy-
drothermal [8], sonochemical [12,13], and ultra-
sound-assisted synthesis [14] have been used to
* Corresponding Author. ﬁrepare Fhis photocatalyst. Many reseaFchers

E-mail: uyi_sulaeman@yahoo.com (U. Sulaeman); ave designed the AgSPQ“TbaSEd Composm'es to
Telp: +62-281-638793, Fax: +62-281-638793 enhance the catalytic activity. The composite of

Environmental pollution caused by the dis-
posal of textile industry liquid waste has be-
come a serious problem. It may provide a nega-
tive impact on humans, animals and aguatic
ecosystems because the textile dye waste is
highly toxic [1]. These problems have taken the
attention of many researchers in the world to
find a solution by developing and discovering
the effective and environmentally friendly tex-
tile wastewater treatment technology. The pho-
tocatalysis, a chemical reaction under photon
light, may become one effective method when
applied for textile wastewater treatment.

berec_4649_2019 Copyright © 2019, BCREC, ISSN 1978-2993




Bulletin of Chemical Reaction Engineering & Catalysis, 14 (3), 2019, 626

AgsPO4/g-CaNy [15], AgaPO«J/MoS:z [16], and
AgsPOs-coated carbon microspheres [17] may
be designed with the hydrothermal synthesis.
Graphene/AgzPOs quantum dots [12] and
AgsPOs nanospheres [18] may be prepared
using a sonochemical process. The composites
of AgaPO4/g-CaNay [19], AgaPO4/AgaW207 hetero-
junction [20], and AgsPOs-graphene [21] may
be synthesized using co-precipitation method.
Beside the composites design, the key point of
the enhanced AgsPO4 photocatalyst is due to
the morphological modification which may be
conducted using the precipitation, ion exchange
and hydrothermal method [22]. Finding the
simple method in controlling the morphology is
very important to apply in large-scale synthe-
sis. Modifying the starting materials, e.g. type
of starting material and concentration may be
conducted to gain the morphology which has a
high catalytic activity.

The researcherdhave used the starting ma-
terial of NazHPO4 as a source of phosphate 1on
[23,24,25]. The starting material of phosphate
lon source is very important because it may
change the morphology and size. Phosphoric
acid (HzPO4) may be used to produce the mor-
phology of tetrahedron [26]. Adding the oleic
acid to this preparation leads to the formation
of homogeneous tetrahedral morphology. The
hydroxyapatite synthesized from KH:POs and
CaCl: may be used as a starting material to
form a sphere of highly active AgszPO.4 catalyst
[27]. Rnently, the KH2PO4 may also be used di-
rectly as a source of phosphate ion in the co-
precipitation method [28]. It is very impressive
that the concentration of KHzPO4 may affect
the morphology of AgsPOs. However, this re-
port has not investigated the tuning morpholo-
gy to obtain the highest photocatalytic activity.
Therefore, the aim of this research is to figure
out the optimum photocatalytic activity of
AgsPOs using the elevated concentration of
KH:2PO, as a source of phosphate ion.

2. Materials and Methods
2.1 Synthesis of AgsPO4

The synthesis of AgsPOs was conducted
based on Dong's method [28] with modification.
The starting material of AgNOsz (Merck) and
KH:PO4 (Merck) were used in this preparation.
The concentration of 0.1 M AgNOz agueous so-
lution was designed by dissolving 1 gram in 50
mL of soa;ion‘ The KHzPO4 aqueous solution,
with five concentrations of 0.10 M, 0.15 M, 0.30
M, 0.45 M, and 0.60 M, were prepared. These
solutions were used for samples of K-10, K-15,

K-30, K-45, and K-60, respectively. The 50 mL
of AgNO; solution was mixed with 20 mL of
KH:POs solution drop by drop under stirring
up to 2 hours until the yellow precipitates
formed. The mixture was then filtered and
washed with deionized water several times.
The products were dried at 105 °C in the oven
for 30 minutes.

2.2 Characterization of AgzPO,

The crystal structure of AgsPO4 was deter-
mined using the XRD (Shimadzu 7000). The
absorption and band gap energy were deter-
mined using UV-VIS DRS (JASCO V-670). To
investigate the morphology, the samples were
characterized using SEM (JEOL JSM-6510LA).

2.3 Photocatalytic Activquvaluation

The photocatalyst of 0.1 g was put into 100
ml of Rhodamine B solution 10 ppm in a beak-
er glass, and placed on a plate stirrer and then
stirred using a magnetic stirrer in dark condi-
tions for 20 minutes [27]. This suspension was
then irradiated with a blue LED light
(OptiLED, 2.5 W, A = 455 nm) for 40 minutes.
Samples (5 mL) were taken periodically every
10 minutes and put into a centri.&e tube. The
suspension was centrifuged at a speed of 2000
rpm for 30 minutes to separate the photocata-
lyst from the solution. The absorbance of the
solution was measured using a spectrophotom-
eter (Shimadzu 1800 UV-Vis). The highest ac-
tivity of photodegradation was also monitored
using the HPLC (Hitachi) equipped with a
Brownie Choice C18 column (150 mm X 4.6
mm, 5 um), UV-VIS Detector L-2420 arﬂAu-
tosampler L-2200. Mobil phase of HPLC was a
mixture of acetonitrile: water (75:25, v/v) at a
flow rate of 1 mL min'! and the volume injec-
tion of sample is 20 pL.. The detection of RhB
was conducted at wavelength of 554 nm.

2.4 Reusability of Photocatalyst

The reusability of photocatalyst was evalu-
ated using RhB degradation up to 4 times recy-
cling the catalytic activity [27]. The highest ac-
tivity of photocatalyst AgsPO4 as much as 0.1
gram was put into 100 mL of Rhodamine B so-
lution 10 ppm. A blue LED vas turned on after
a 20 minutes dark reaction. Every 10 minutes,
5 mL samples were taken from the solution.
The samples were then centrifuged at a speed
a 2000 rpm for 30 minutes. The concentration
of RhB was measured by UV-vis spectropho-
tometer. The precipitate was collected, washed
with deionized water and dried at 105 °C for 30
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minutes. The obtained precipitates were tested
again for their degradation activity.

3. Results and Discussion
3.1 Synthesis of Photocatalyst

The synthesis of AgsPO4 photocatalyst was
conducted by mixing the starting material of
AgNO; and KH2POy4 at the elevated concentra-
tion from 0.10 M to 0.60 M. Yellow precipitates
were successfully formed from the mixture so-
lution. The reaction of co-precipitation is writ-
ten as follows (Equation (1)):

3AgNO,, +3KH,PO, —
Ag,PO, +3KNO,, +2H,PO (6]

Al
The byproduct of potassium nitrate and phos-
phoric acid can be dissolved in water and easy
to remove from the AgsPO4 through washing.
The variation of concentration produces the
same color as precipitates.

3.2 Photocatalyst Characterization

To determine the structure and crystallini-
ty, the thf products with a different concen-
tration of 0.10 M, 0.15 M, and 0.60 M, namely
K-10, K-15, and K-60, respectively, were char-
acterized using XRD. The results may be seen
in Figure 1(a). The peaks observed in diffracto-
gram are fit with the standard data (JCPDS
06-0505) which have a structure of body-
centered cubic [29,30]. There are no other
peaks observed in the diffractogram, meaning
that the samples are pure. The value of 2 theta
1s shifted by increasing the concentration, indi-
cating that the elevated concentration of
KH:POs may change the lattice constant of
crystal (Figure 1(b)). These changes may be in-
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duced by changing morphology from sphere to
tetrahedron. During the changing of morpholo-
gy some unique structures of K-15 may be ob-
served. The high intensity of diffractogram of
K-15 was observed, indicating that the sample
had higher crystallinity. It is possible that the
high crystallinity may form the defect in the
crystal that generates the broad absorption
both in UV and the visible region as shown in
Figure 2.

The three-sample spectra absorptions were
observed using the DRS from 380 nm to 780
nm. The results are shown in Figure 2. The ab-
sorption spectra of K-15 were higher than that
of K-10. However, the K-60 exhibited the low-
est absorption. It indicated that the concentra-
tion of KH2PO4 may not linearly increase the
absorption spectra. The higher absorption may
be observed in K-15 that it may be related to
the high crystallinity and defect formation.
Some researchers have reported that the defect
may change the absorption of visible wave-
length [31] and lattice constant [32]. It is great-
ly useful that the defect may be generated by
changing the concentration of starting materi-
al. There is no need to use much energy, such
as calcination treatment. Therefore, it is highly
beneficial for the commercial application.

Band gaps are the representative of effec-
tive wavelength absorbed in which the elec-
trons may be exited. The band gap of a photo-
catalyst may be determined using the Tauc for-
mula which correlates the absorption of photon
energy [33]. The Taue formula is shown as fol-
lows: (2)

ahv = Alhv—E, J" @

where Egs, @, and A are band gap energy, ab-
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Figure 1. The XRD pattern of AgsPO4 synthesized with different concentration of KH:PO, (a) and the

shift of 2 theta at {210} (b).
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sorp@@n coefficient, and constant, respectively.
The value of n depends on type transition, the
indirect semiconductor (n = 4) or direct transi-
tion state (n = 1). Based on the plot («hv)? as a
function of hv, the band gap energy of a photo-
catalyst can be measured by extrapolating the
linear absorption point on the curve which in-
tersects € x-axis of energy (hv) [34]. Band gap
energies of 2.38 eV, 2.39 eV and 2.33 eV were
obtained from the sample of K-10, K-15 and K-
60, respectively (Figure 2 (b, ¢, d)). The E, of K-
10 and K-15 was relatively similar, indicating
that this different catalytic activity was not
caused by the energy gap. The sample of K-60
had lower band gap energy which decreased up
to 0.05 when compared with K-10 and de-
creased up to 0.04 when compared with K-15.
The morphology of the particles from the
photocatalyst of K-10, K-15, and K-60, were in-
vestigated by SEM. The results may be seen in
Figure 3. The mixed morphologies of sphere
and cube with 2-3 pm in diameter were ob-

15

served in the sample of K-10. These morpholo-
gies were changed into the mixed of sphere and
tetrahedron after increasing the concentration
of KH2POj4 as found in the sample of K-15. This
particle size is relatively similar to K-10. The
unique tetrahedron with round corner can be
clearly observed in K-15. This may be a transi-
tion of morphology changes from sphere to a
tetrahedron. The large particle of the tetrahe-
dron (5-8 pm) may be produced after increasing
more KHz:PO. as shown in the sample of K-60
that the morphology is completely changed into
a tetrahedron with a small amount of tripod
shape.

The varied morphology of the sample indi-
cated that the KH:PO4 concentration really af-
fected the coprecipitation mechanism. The con-
centration differences may influence the nucle-
ation and crystal growth. The morphology of
catalyst material may be influenced and con-
trolled by several factors, such as solvents,
starting material, additives and synthesis
methods [28,35].
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Figure 2. The DRS of AgsP0O4 synthesized with different concentration of KH2PO. (a) and their calcu-
lation of band gap energy of the sample K-10 (b), K-15 (¢) and K-60 (d).
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3.3 Photocatalytic Activity Test

The photocatalytic activity tests of K-10, K-
15, K-30, K-45 and K-60 samples wd® conduct-
ed through the RhB degradation under blue
light irradiation. The decreased concentration
of RhB was monitored under UV-VIS spectro-
photometer. Figure 4 showed the profile of cat-
alytic activity due to the different concentration
of KH2POs. The pseudo first order kinetic reac-
tion was investigated using the equation (3)
[36]:

x3,000 Sum

ln[g"J =kt (3)

where k, Cp, and C; are the first order pseudo
rate constant, initial concentration and the
concentration at a given reaction time, respec-
tively [3]. The rate constant is calculated from
the slope of linear regression. The rate con-
stant of 0.081 min-!, 0.132 min-!, 0.052 min-!,
0.038 min-!, 0.017 min'! was found in K-10, K-
15, K-30, K-45 and K-60, respectively. The

WD10mm

WD10mm

Figure 3. SEM images of K-10 (a), K-15 (b), and K-60 (c) with high magnification of K-10 (d), K-15,

and K-60 (f).
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Figure 4. Photocatalytic activities of AgsPO4 synthesized using a different concentration of KH:2PO4 as
a source of phosphate ion (a) and their rate constant (b).
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Figure 5. The degradation of RhB monitored using the HPLC, (a) initial concentration of RhB (10
mg/L), and after (b) 10 minutes, (c) 20 minutes, (d) 30 minutes of photodegradation.
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highest catalytic activity may be found at a
concentration of 0.15 M (K-15). When the con-
centration of KH2PO. increases from 0.30 to
0.60 M, the catalytic activity gradually decreas-
es. It indicates that the concentration of
KH:zPOs may affect the properties of AgsPOa.
The highest photocatalytic activity was also in-
vestigated using the HPLC. The peak of RhB
can be clearly detected at the retention time of
3.73 minutes (Figure 5). After 10 minutes of
photocatalytic reaction, the RhB concentration
decreased from 10 mg/L. to 3.1 mg/L, and it
completely degraded after 30 minutes reaction.
These results are similar with those conducted
with the UV-VIS spectrophotometer measure-
ment as shown in Figure 4.

The changes of AgzPOs morphology are re-
sponsible in the surface catalytic reaction. The
transition morphology from sphere to tetrahe-
dron has improved the catalytic activity. Some
researchers have reported that the tetrahedron
morphology of AgsPO4 had high surface energy
[23] and high Ag* in the surface of {111} [37]
which significantly contributed to high catalyt-
ic activity. In addition, the highly broad absorp-
tion of K-15 suggested that the defect might ex-
ist in the surface. High absorption implied that
more photon may be used in the excitation of
an electron from VB to CB. The lowest activity
may be found in K-60. Thus, the sample of K-60
has a large particle with lower crystallinity and
lower band gap energy. The large particle will
have a small surface area which decreases the
catalytic activity. The low crystallinity will in-
hibit the electron transfer in the surfay of the
catalyst. Too low band gap energy may increase
the recombination of electron and hole pair.
These all phenomena dramatically decrease the
catalytic activity of AgsPO4.

101 1st 2nd 1 3 Kwh
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calea ~

0 20 40 60 80 100 120 140 160
Time (min)

cic,
.

Figure 6. The reusability of photocatalyst of
the highest catalytic activity (K-15).

Based on the spectrophotometer and HPLC
measurement, the photocatalyst of AgszPO.
completely degraded the organic compounds of
Rhodamine B. This phenomenon was caused by
the presence of electrons and holes formed due
to the photon energy exposure. According to
Liu et al. [29], when radiation is conducted, the
electrons in the valence band (VB) may be exit-
ed to the conduction band (CB), generating the
holes in VB. The holes species is a strong oxi-
dizer which may oxidize the organic compound
with an oxidation potential of +1.0 V to +3.5 V
(relative to Hydrogen-Nernst electrodes).

There are several steps of RhB compound
decomposition under AgsPO. photocatalysts.
The first step is the breakdown of the CI”
group, the second step is the ethylated process
of four ethyl groups (CzH4) which are bound to
N atoms, the third step is deaminization of two
amine groups (NH:z), the fourth step is de-
carboxylic (COO7), the fifth and sixth steps are
the breakdown of the chromophore ring and
the breakdown of the aromatic ring that pro-
duces formic acid and acetic acid. The final
products of this decomposition are water (H=0)
and carbon dioxide (COs3) known as nontoxic
compounds [38].

3.4 Reusability of Photocatalyst

To investigate the reusability of photocata-
lyst, the recycling photocatalytic activity of
sample was conducted. The sample of highest
catalytic activity was chosen to evaluate its re-
usability. The photocatalytic activities were re-
peated up to 4 cycles. The results may be seen
in Figure 6. The ability of catalytic decreased
gradually after the recycling test, indicating
that the photocatalyst was relatively unstable.
Many researchers have reported that the pho-
to-corrosion is the main problem of low stabil-
ity [39]. In this experiment, the color of photo-
catalyst changed into a dark solid due to the
photo-camsion that produces a metallic Ag ad-
sorbed on the surface of AgzPO.. It was the typ-
ical properties of unmodified AgsP0Os. The com-
posite modification may prevent this phenome-
non where the electron exited in AgsPOs4 may
be used for further reaction instead of photo-
corrosion.

4. Conclusion

The morphology of AgsPOs may be tuned
with the synthesis using a varied concentration
of KHzPO.. The sample with the synthesis us-
ing 0.15 M of KH2PO4 exhibited the excellent
photocatalytic activity. The small size of mixed
morphology of sphere and tetrahedron, high
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crystallinity and formation of defect sites, have
improved the catalytic activity. This result is
the first stage to provide a highly active and
stable AgsPO4 photocatalyst. For the future re-
search, this finding is very useful to design the
AgsPOs-based composite using tetrahedron
morphology to prevent the instability of photo-
catalyst caused by the photo-corrosion.
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