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ABSTRACT

Polyaniline (PANI)-sensitized Fe;04/Si0,/TiO, nanoparticles were synthesized and the material then applied as a
photocatalyst to reduce Au(Ill). The Fe;0, was synthesized through the sono-coprecipitation method using NH,OH
as a precipitating agent. The coating of SiO, and TiO, onto the Fe;O4 was then performed via a hydrolysis reaction
and sol-gel process using ammonium peroxydisulfate as the initiator of the aniline polymerization. The parameters
investigated in this work are the effect of medium acidity, equilibrium state and material responsiveness on visible
light. The TEM images show that the photocatalyst had nanosized particles with an approximate size of 20.7 nm.
The observed data from the activity test show the optimum pH and contact time of the photoreduction process were
5 and 180 minutes respectively. The effect of light exposure indicated that the polyaniline-sensitized
Fe;0,/S10,/Ti0, was effective for Au(IIl) reduction in visible light up to 92% of the initial concentration. The effect
of the material revealed that polyaniline-sensitized Fe;0,/Si0,/TiO, had better photocatalytic activity than that of
TiO, and Fe;0,4/Si0,/Ti0, in visible, UV and dark conditions.
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INTRODUCTION
A Gold(Au) is widely used as a component of PCBs. Leaching alloy on the PCB board with aqua regia
solution leaches the gold(Ill) ions into the tetra chloroauric(Ill) complex, while the other metal ions such
as Cu®’, Ni*', Zn** and Pb*" remain in their cation form." The Au(IIl) complex is easily reduced to gold
metal, which can be seen from the high value of its reduction potential (E°= 1.002 V).> Accordingly,
various types of gold recovery methods have been studied including electrolysis®,adsorptive-reduction*’,
and bio-reduction and biorecovery®"’.
The race to recover gold from primary and secondary resources has led researchers to find the most
suitable materials for low-cost methods. Cyanide and mercury methods are ancient methods for gold
recovery but should be avoided due to their high toxicity.''? Therefore, finding new materials and
methods for gold recovery has been the subject of research in recent years. In recent developments,
photon-based reactions known as photoreactions have been widely used for the photodegradation of
organic matter and photoreduction of cationic metals."**
Various catalyst materials based on titanium have already been applied for environmental purposes. These
include the utilization of bare TiO, to reduce Au(Il) ions'* and Au(Ill) ions'> waste by UV-light;
Ti0,/Fe;04 for quinoline photo-degradation by UV lightlg; and Fe;04/Si0,/TiO, to reduce silver ion'” and
methylene blue photo-degradation by UV-light.*
Most previous studies have used anatase as the main material due to its bandgap energy, which is higher
than the other two possibilities (rutile and brookite).'® Therefore, in recent years photoreaction-based TiO,
materials have focused on anatase crystals. However, the limitation of TiO, utilization only in a UV range
(A<380 nm) has motivated this study to modify the TiO, material using PANI as the light sensitizer.”'*
Recently, polyaniline-modified TiO, has been informed to show significantly better photocatalytic
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activity than that of unmodified TiO, under visible light irradiation, because of the delocalized conjugated
structures in electron-transfer processes of polyaniline. >
In this study, polyaniline-sensitized Fe;04/Si0,/TiO, was synthesized and then applied as a photocatalyst
for reducing of Au(Ill) ions. Compared to other photocatalyst materials for gold recovery, this type of
photocatalyst has proven to be far more effective. The effect of light wavelength was also determined to
evaluate performance in UV, visible light and dark conditions. The presence of Fe;O, as supporting
material is expected to make photocatalyst materials separable from the aqueous medium and reusable.
This developed material is also expected to be an alternative gold recovery method for both primary and
secondary resources.

EXPERIMENTAL
Materials and Method
Analytical grade FeCl;*6H,0, FeSO4+7H,0, NH,OH, (NH,4),S,05, TEOS 98%, TTIP 97%, ethanol 98%,
CsHsNH, 99%, HCI 36%, Oleic Acid, distilled water, solution of [AuCly]” and N, gas were used
throughout the experiments. Instrumentals included an infra-red spectrophotometer (Shimadzu FT-IR
Prestige 21), atomic absorption spectrophotometer (Perkin Elmer 3110), UV-Vis spectrophotometer, X-
ray diffractometer (Shimadzu XRD-6000), Diffuse Reflectance UV-Visible Spectrophotometer
(Shimadzu 2450), Vibrating Sample Magnetometer (OXFORD VSM 1.2H), and Transmission Electron
Microscope (JEOL JEM-14000).

General Procedure

Synthesis of Fe;0,

FeS0,4.7H,0 and FeCl;.6H,0 (1:2) were dissolved in distilled water under an N, atmosphere. A NH,OH
25% and OAc were added to the Fe’"/Fe’” solution mixture under sonication until a precipitate was
formed. After aging for 1 hour, the solid was washed until pH 7 was obtained and then was dried at 80 °C
to obtain Fe;0, capped OAc.

Synthesis of Fe;0,/SiO,

The solid of Fe;O4 was dispersed with ethanol 98% and sonicated for 20 minutes. A TEOS 98% was then
added to the dispersion. A distilled water and NH,OH were added to the dispersion, which was then
ultrasonicated for 1 hour, washed until pH 7 was obtained. The solid was separated using an external
magnetic bar and was dried at 80 °C to obtain Fe;0,/SiO,.

Synthesis of Fe;0,/Si0,/TiO,

An ethanol 98%, TTIP 97%, and distilled water were mixed with the Fe;04/Si0,. The mixture was
sonicated for 2 hours and then the solid in the dispersion was separated using an external magnetic bar.
The solid was calcined at 500 °C for 3 hours to form anatase crystal of TiO, in Fe;0,/SiO»/TiO,.

Synthesis of Polyaniline-Sensitized Fe;0,/SiO,/TiO,

The Fe;04/Si0,/Ti0, was mixed with 25 mL HCI 0.2 M and sonicated for 30 minutes. A 1 mL of
(NH4),S,05 and C¢HsNH, 99% was then added to the mixture and stirred for 10 hours. Subsequently, the
solid was separated and dried at 80 °C to get polyaniline-sensitized Fe;0,/Si0,/Si0,.

Effect of the Medium Acidity

A solution of 100 mg L™ [AuCly]” 25 mL was prepared, with acidity adjusted to pH 3, 4, 5, 6 and 7. Into
every solution, 15 mg of the photocatalyst was poured into the photocatalysis reactor. The suspension was
stirred with UV light exposure for 180 minutes. The remaining [AuCl,]” was analyzed using an atomic
absorption spectrophotometer.

Effect of Contact Time
A solution of 100 mg L' [AuCl,] 25 mL was prepared, with acidity adjusted to the optimum pH. Into the
solution, 15 mg of the photocatalyst was poured into the photocatalysis reactor. The suspension was
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stirred with UV light exposure for 0, 30, 60, 120, 180 and 210 minutes. The [AuCl4]™ in solution was then
analyzed using an atomic absorption spectrophotometer.

RESULTS AND DISCUSSION
Infra-Red Spectroscopic analysis (Fig.-1) shows the vibration of PANI-sensitized Fe;0,/Si0,/TiO,. The
vibration band at 570 cm™' shows the Fe-O originated from Fe;0,4 and those at 1700 and 1300 cm’!
indicate C=0 of free -COOH and —COO", which interact with Fe.”*** Asymmetry peak and asymmetry
Si—O-Si are shown at 800 and 1080 cm . The absorption band at 940-960 cm ™' shows the binding of Ti
by Si-O (Si—O-Ti), and that at 500-700 cm' is the fingerprint of Ti-O-Ti.” The band at 1319 cm'

(PANI-sensitized Fe;04/Si0,/TiO,) indicates the stretching C—N of polyaniline, followed by C=C
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Fig.-1: FTIR Spectra of the Synthesized Materials

The presence of each material and its crystallinity was determined by the X-ray diffraction method. The
synthesis of Fe;O4 through the coprecipitation method obtained face-centered cubic (fcc) materials
through with peaks at 20= 30; 35; 43,37; 57.2; and 62.8° (Fig.-2), which refer to basal spacings of (220),
(311), (400), (511), and (440) respectively. The obtained basal spacings match the Miller Index of JCPDS
00-001-1111 referring to the fcc structure. Meanwhile, G in the Fe;O, diffractogram refers to the

indication of goethite, which is a common impurity of Fe;O, synthesized through the coprecipitation
method.
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Fig.-2: XRD Patterns of the Synthesized Materials
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The coating of SiO, onto the Fe;O4 has a similar diffractogram to the Fe;O,4 material before coating.
However, the crystallinity of Fe;O4 decreases slightly due to the presence of amorphous SiO, on the
Fe;0, surface. Meanwhile, the Fe;0,/Si0,/TiO, have combined peaks between the Fe;O4 and TiO2
anatase, followed by new peaks of basal spacing of (001), (112), (220), (105), (213) and (215), which
refer to TiO, anatase. A slight shift of TiO, anatase compared to JCPDS 00-021-1272 TiO, indicates that
TiO, has successfully interacted with SiO, on the surface of the Fe;0, 2% In addition, there is no
difference between the 20 of polyaniline-sensitized Fe;04/Si0,/TiO, and Fe;0,/Si0,/Ti0,.%
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Fig.-3: DRUV Spectra of the Materials

As semiconductor ability depends on its bandgap energy, in this study analysis based on diffusion-
reflectance UV-visible was conducted to determine the bandgap energy of TiO, and polyaniline-
sensitized Fe;04/Si0,/Ti0,. The DR-UV spectra, as shown in Fig.-3, indicate that the presence of PANI
is confirmed by the appearance of a peak at the wavelength of more than 400 nm and shifts the
absorbance to the visible light. The bandgap energy (E,) obtained of bare TiO,, Fe;04/SiO,/TiO, and
polyaniline-sensitized Fe;04/Si0,/TiO, were 3.20, 3.15 and 3.00, respectively.

The morphology of the synthesized materials was revealed through TEM image (Fig.-4). The dark image
shows the presence of Fe;O4 and TiO,, with the grey color indicating the presence of SiO, and PANI.
TEM image also revealed the typical size of synthesized Fe;O4, Fe;04/SiO,, Fe;04/Si0,/TiO, and
polyaniline-sensitized Fe;0,/SiO,/Ti0O, approximately 13.9 nm, 14.8 nm, 18.2 nm and 20.7 nm.

Flg-4 TEM Images ofFe3O4 (a), FC304/Si02 (b), Fe304/SIOz/T102 (C) and Fe304/SIOz/T102-PANI (d)
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Magnetic properties were established through qualitative and quantitative analysis. Fig.-5-A shows that
the composites were easily dispersed in water and were also attracted to the external magnetic field in less
than 5 minutes. Further analysis was performed by VSM to determine the magnetism of the materials.
The magnetic curves shown in Fig.-5-B indicate the magnetism of bare Fe;0,, Fe;04/Si0,/TiO, and
PANI-sensitized Fe;04/Si0,/TiO, were 33.10, 4.38 and 2.51, respectively. It was also found that the
magnetism of the composites significantly decreased after modification by SiO,, TiO, and polyaniline.
Nevertheless, the polyaniline-sensitized Fe;04/SiO,/TiO; is still easy to be recovered from the solution
using the external magnetic bar.
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Fig.-5:(A) Separation by Magnetic External Field, and (B) Magnetism Curves

Activity Test

Photoreduction depends on the speciation of Au(Ill) and the surface charge of the catalyst in the aquatic
medium. Fig.-6 shows the optimum reduced Au(Ill) at pH 5, in which gold ions are dominated by
[AuCl,], and the amines of PANI and the TiO, photocatalyst are positively charged, as -NH;" and
TiOH," respectively. The opposite charges lead to sorption through electrostatic bonding, then the
adsorbed [AuCl,] is reduced to Au(0). At pH < 4, the high abundance of TiOH," decreases the presence
of electrons. Meanwhile, at high pH, the similar charges between the photocatalyst and [AuCls]” result in
ineffective sorption. In addition, the existence of hydroxide ion leads to the Au precipitation, leading to
ineffective photoreduction.*
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Fig.-6: Effect of pH Photoreduction of Au(IIl) Ions with PANI-Sensitized Fe;0,/Si0,/TiO, Catalyst in Visible
Irradiation

The reduced Au(Ill) as a function of light exposure is given in Fig.-7. The effect of light exposure reveals
that a longer exposure time leads to a higher percentage of reduced Au. This means that the exposure time
is equivalent to the number of photons hitting the surface of the photocatalyst; a longer exposure time will
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lead to a higher number of such photons. The equilibrium of light exposure time at 180 minutes with the

percentage of Au(Ill) reduction is 92%. After that time, no increase in the reduced Au(Ill) ions were
detected.
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Fig.-7: Effect of Visible Light Exposure on the Photoreduction of Au(IIl) Ions with a PANI-Sensitized
Fe;04/S10,/Ti0, Catalyst in Visible Irradiation

In this study, three different materials have been tested for the reduction of Au(Ill). The effect of these is
shown in Fig.-8.
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Fig.-8: Reduced Au(II) with the Exposure of (A) Visible Light and (B) UV-Light

In all light regions, it was revealed that PANI-sensitized Fe;04/SiO,/TiO, had higher efficiency in
reducing Au(lll) than TiO, and Fe;04/SiO,/TiO,. It can be observed that PANI-sensitized
Fe;04/Si0,/Ti0; is the most effective photocatalyst in visible light due to the presence of PANI as a
sensitizer (Fig.-8A). Fig.-9A shows that PANI as a sensitizer absorbed the photon energy inducted at the
n-n* transition, leading to electron excitation on the n* orbitals. As excitation occurs, the electrons move
quickly to the conduction bands (CB) of the Ti0,.>**>° The excited electrons are then used as a reducing
agent for the Au(IIl) photoreduction process. The level of reduced Au(Ill) in visible light was found to be
92%. In UV light (Fig.-8B, Fig.-9B), both TiO, and PANI absorb photon energy to form electron
excitation and holes.””" Electron excitation from the valence band (VB) of TiO, to the highest energy
occupied molecular orbital (HOMO) of polyaniline increases the photocatalytic activity of the
nanocomposites by around 89%.

Fig.-10A and 10B show the reduction process of Au without light exposure. In dark conditions, it is
assumed that no electrons are excited. This means that without light exposure, the sorption is dominated
by adsorption. As explained as the effect of medium acidity, the opposite charges of PANI-sensitized
Fe;0,/Si0,/TiO, (-NH;" and TiOH,") and [AuCl,] (at optimum pH) lead to sorption through electrostatic
bonding; the adsorbed [AuCly] is then reduced to Au(0). The remaining Au in the solution was around
72% because the functional group content of both materials was lower than the PANI-sensitized
Fe;04/Si0,/Ti0,, which consists of two different functional groups.

207
POLYANILINE (PANI)-SENSITIZED Fe;04/Si0,/Ti0, NANOCOMPOSITES L.S. Budi et al.



RASAYAN J. Chem.
Vol. 13 | No. 1 |202 - 209] January - March | 2020

Wi z Fed W Fed
e AT} ¥ Au(TIT)
PN { h \ PANT
¥ v Anlll) * An(0)
o8& N
s - I e o o Lin T "
[= ] 10
O=x i isited Ox !
ORI .h' e ok "
vl ”

fidh, T

Fig.-9: Activation of PANI-Sensitized Fe;04/SiO,/TiO, in (A) Visible Light and (B) UV-Light™
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CONCLUSION

Polyaniline (PANI)-sensitized Fe;0,/Si0,/Ti0, has been successfully synthesized through a combination
of sono-coprecipitation, hydrolysis and the sol-gel method. The observed data from the activity test show
the optimum pH and contact time of the photoreduction process to be 5 and 180 minutes respectively. The
effect of light exposure indicates that PANI-sensitized Fe;04/Si0,/Ti0, was effective in Au(Ill) reduction
in visible light up to 92% of the initial concentration. The effect of the materials reveals that PANI-
sensitized Fe;04/Si0,/TiO, has better photocatalytic activity than that of TiO, and Fe;0,/Si0,/TiO; in
visible, UV light, and in dark conditions.

ACKNOWLEDGMENT
We would like to express our gratitude to Universitas Gadjah Mada for supporting this works through
RTA 2019 grant (3202/UN1/DITLIT/DIT-LIT/LT/2019).

REFERENCES

1. J. Cui, and L. Zhang, Journal of Hazardous Materials., 158(2-3), 228(2008), DOI:
10.1016/j.jhazmat.2008.02.001

2. M.C. Gimeno, The Chemistry of The Extraction of Gold, Wiley-CVCH Verlag GmbH & Ko, KGaA,
Weinheim, p.842 (2008).

3. T.Z. Sadyrbaeva, Separation and Purification Technology, 86, 262(2012), DOI:
10.1016/j.seppur.2011.10.007

4. T.Ogata and Y. Nakano, Water Research, 39(18), 4281(2005), DOI:10.1016/j.watres.2005.06.036

5. D. Parajuli, K. Kunathai, C.R. Adhikari, K. Ohtho, H. Kawakita, M. Funaoka, and K. Hirota,
Minerals Engineering, 22(13), 1173(2009), DOI:10.1016/j.mineng.2009.06.003

208
POLYANILINE (PANI)-SENSITIZED Fe;04/Si0,/Ti0, NANOCOMPOSITES L.S. Budi et al.



RASAYAN J. Chem.
Vol. 13 | No. 1 |202 - 209] January - March | 2020

6. D. Parajuli, H. Kawakita, K. Inoue, K. Ohto, and K. Kajiyama, Hydrometallurgy, 87(3-4),
133(2007), DOI:10.1016/j.hydromet.2007.02.006

7. A.Ramesh, H. Hasegawa, W. Sugianto, T. Maki, and K. Ueda, Journal of Bioresource Technology,
99(9), 3801(2008), DOI:10.1016/j.biortech.2007.07.008

8. A.H. Nakajima, World Journal of Microbiology and Biotechnology, 19(4), 369(2003),
DOI:10.1023/A:1023944905364

9. S. Huiping, L.I. Xingang, S. Jinsheng, and Y. Xiaohong, Chinese Journal of Chemical Engineering,
15(6), 847(2007), DOI:10.1016/S1004-9541(08)60013-0

10. K. Deplanche and L.E. Macaskie, Biotechnology and Bioengineering, 99, 1055(2007),
DOI1:10.1002/bit.21688

11. Hiskey, J.B., Gold and Silver Extraction the Application of Head-Leaching Cyanidation, Arizona
Bureau of Geology and Mineral Technology Notes, 15, p.1-5 (1985).

12. D. A. Wright and P. Welbourn, Environmental Toxicology, Cambridge University Press, Cambridge
(2002).

13. H. Sutanto, I. Marhaendrajaya, G.W. Jaya, E. Hidayanto, H. Mukholit, S. Wibowo, and Y. Wahyono,
Rasayan Journal of Chemistry, 12(1), 138(2019), DOI: 10.31788/RJC.2019.1215034

14. R.V. Grieken, J. Aguado, J. Marugan and L. Munoz, Gold Bulletin, 38, 180(2005),
DOI1:10.1007/BF03215258

15. E.T. Wahyuni, A. Kuncaka, S. Sutarno, American Journal of Applied Chemistry, 3(6), 207(2015),
DOI:10.11648/j.ajac.20150306.15

16. M.R. Hoffman, S. Martin, W. Choi and D.W. Bahnemann, Chemical Reviews, 95(1), 69(1995),
DOTI: 10.1021/¢r00033a004

17. Misriyani, E.S. Kunarti and M. Yasuda, Indonesian Journal of Chemistry, 15(1), 43(2015),
DOI:10.22146/ijc.21222

18. J. Jing, J. Li, J. Feng, W. Li, W.W. Yu, Chemical Engineering Journal, 219, 355(2013),
DOI:10.1016/j.cej.2012.12.058

19. E.S Kunarti, R. Roto, A.R. Pradipta and 1.S. Budi, Oriental Journal of Chemistry, 33(4), 1933(2017),
DOI1:10.13005/0jc/330439

20. E.S Kunarti, A. Syoufian, 1.S. Budi and A.R. Pradipta, Asian Journal of Chemistry, 28(6),
1343(2016), DOI:10.14233/ajchem.2016.19697

21. X. Li, D. Wang, G. Cheng, Q. Luo, J. An and Y. Wang, Applied Catalysis B: Environmental, 81(3-
4), 267(2008), DOI:10.1016/j.apcatb.2007.12.022

22. F. Wang, S. Min, Y. Han and L. Feng, Superlattices and Microstructures, 48(2), 170(2010),
DOI:10.1016/j.spmi.2010.06.009

23. L.X. Zhang, P. Liu, ZX. Su, Polymer Degradation and Stability, 91(9), 2213(20006),
DOI:10.1016/j.polymdegradstab.2006.01.002

24. R. Wang, X. Wang, X. Xi, R. Hu and G. Jiang, Advances in Materials Science and Engineering.,
2012, Article ID 409379, 1 (2011), DOI:10.1155/2012/409379

25. A. Olad, S. Behboudi and A.A. Entezami, Bulletin of Materials Science, 35(5), 801(2012),
DOI:10.1007/s12034-012-0358-7

26. V.C. Nguyen, T.Q. Hieu and L.D. Vu, Rasayan Journal of Chemistry, 10(4), 1446(2017),
DOI:10.7324/RJC.2017.1041894

27. S. Wu, W. Jiang, Z. Sun, J. Dai, L. Liu, and F. Li, Journal of Magnetism and Magnetic Materials,
323(16), 2170(2011), DOI:10.1016/j.jmmm.2011.03.025

28. F.C. Nalle, R.Wahid, .O Wulandari and A. Sabarudin, Rasayan Journal of Chemistry, 12(1),
14(2019), DOI: 10.31788/RJC.2019.1214082

29. X. Huang, G. Wang, M. Yang and W. Guo, Materials Letters, 65(19-20), 2887(2011),
DOI:10.1016/j.matlet.2011.06.005

30. H. Zhang, R. Zong, J. Zhao and Y. Zhu, Environmental Science and Technology, 42(10),
3803(2008), DOI:10.1021/es703037x

[RIC-5509/2019]

209
POLYANILINE (PANI)-SENSITIZED Fe;0./Si0,/TiO, NANOCOMPOSITES LS. Budi et al.



