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PENGANTAR REDAKSI

Puji syukur Majalah Metalurgi Volume 36 Nomor 2, Agustus 2021 kali ini dapat
menampilkan 6 buah tulisan.

Tulisan pertama merupakan hasil kegiatan penelitian yang disampaikan oleh Wahyu
Mayangsari dan kawan-kawan mengenai The Effect of Alkali Roasting of Ferronickel Slag
Prior to the Leaching and Precipitation Processes. Tulisan kedua disampaikan oleh Ahmad
Sahid dan kawan-kawan menampilkan topik Atmospheric Plasma Spray Coating of Ni-Al and
Al-Si on Austenitic Stainless-Steel Casing with Limited Short Spray Distance. Untuk tulisan
ketiga dengan penulis Yohana Fransiska Ferawati dan kawan-kawan mengenai Peran N-
Doping terhadap Karakteristik Pori Karbon Aktif yang Dihasilkan dari Limbah Destilasi Akar
Wangi. Tulisan selanjutnya memiliki topik The Effect of ECAP Processing on Hardness,
Surface Morphology, and Corrosion Resistance of 6061 Alloys yang dipaparkan oleh |
Nyoman Gede Putrayasa dan kawan-kawan. Tulisan kelima, Kevin Cleary Wanta dan kawan-
kawan menyampaikan topik Increasing of Metal Recovery in Leaching Process of Spent
Catalyst at Low Temperature: The Addition of Hydrogen Peroxide and Sodium Chloride.
Tulisan keenam disampaikan oleh Rizta Febian Adi Endani dan kawan-kawan dengan tema
The Effect of Variations in Electrolyte Temperature and Current on the Synthesis of
Manganese Dioxide from Manganese Sulfate Precursors by Electrolysis Method.

Semoga penerbitan Majalah Metalurgi volume ini dapat bermanfaat bagi perkembangan
dunia penelitian di Indonesia.
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Kata Kunci bersumber dari artikel. Lembar abstrak ini boleh diperbanyak tanpa izin dan biaya.

UDC (OXDCF) 553.4

Wahyu Mayangsari?, Agus Budi Prasetyo?, Eni Febriana?, Januar Irawan? Rudi Subagja?, Florentinus Firdiyono?, Johny
Wahyuadi Soedarsono® (®Pusat Penelitian Metalurgi dan Material-LIP1, Departemen Teknik Metalurgi dan Material,
Universitas Indonesia)

Pengaruh Pemanggangan Alkali pada Terak Feronikel sebelum Proses Pelindian dan Pengendapan

Metalurgi, VVol. 36 No. 2 Agustus 2021

Terak feronikel dihasilkan sebagai produk samping dari produksi feronikel. Terak feronikel mempunyai potensi untuk
dimanfaatkan sebagai bahan baku beberapa komponen berharga karena komposisinya melalui proses bertahap. Tujuan
dari penelitian ini adalah untuk mengetahui pengaruh dari proses pemanggangan campuran terak feronikel dan Na.COs
sebelum pelindian dengan air panas dan presipitasi untuk menghasilkan endapan silika. Proses pemanggangan terak
feronikel dengan penambahan Na2COs telah dilakukan untuk pembentukan natrium silikat. Kemudian dilarutkan melalui
proses pelindian menggunakan air panas 90 °C selama 120 menit. Endapan silika didapatkan dengan proses presipitasi
sodium silikat terlarut diikuti dengan pemeraman selama tiga hari. Berdasarkan hasilnya, pemanggangan menyebabkan
perubahan komposisi yang mempengaruhi persen pelindian dan perolehan silika. Reaksi terjadi dari permukaan ke inti
yang dibuktikan dengan pengecilan ukuran residu pelindian dari RAF (roasted of alkalinized ferronickel slag). Natrium
silikat dalam bentuk NasSiOs diketahui terlarut pada tahap pelindian dengan air panas. Pengendapan dan pemeraman
larutan natrium silikat telah menghasilkan endapan silika dengan ukuran partikel lebih dari 100 pm. Proses
pemanggangan pada 1000 °C selama 240 menit menghasilkan perolehan silika tertinggi.

Kata Kunci: Feronikel, terak, pemanggangan, pelindian, pengendapan, silika

The Effect of Alkali Roasting of Ferronickel Slag Prior to the Leaching and Precipitation Processes

As a by-product of ferronickel production, ferronickel slag was created. Because of its composition, it has the potential to
be used as a raw material for some valuable elements through a series of processing. The purpose of this research is to
determine the effect of roasting ferronickel slag and Na2COz prior to hot water leaching and precipitation to obtain silica
precipitate. To produce sodium silicate, ferronickel slag was roasted with Na.COs addition. It was then dissolved by
leaching for 120 minutes in hot water at around 90 °C. Silica precipitate is made by precipitating dissolved sodium
silicate and aging it for three days. According to the findings, roasting causes a change in composition, which influences
the leaching percentage and silica recovery. Size reduction of leaching residue from its RAF (roasted alkalinized
ferronickel slag) demonstrated that reactions occurred from the surface to the core. When water is leached, sodium
silicate in the form of NasSiO4 is observed and dissolved. The precipitation and aging of sodium silicate solution
produced silica precipitate with particle sizes greater than 100 um. The highest silica recovery is obtained by roasting at
1000 °C for 240 minutes

Keywords: Ferronickel, slag, roasting, leaching, precipitation, silica
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Ahmad Sahid?, Ekavianty Prajatelistia®, Ahmad Afandi® (3Material Science and Engineering Research Group Faculty of
Mechanical and Aerospace Engineering, Institut Teknologi Bandung , PResearch Center for Physics, Indonesian Institute
of Sciences)

Lapisan Plasma Spray Ni-Al dan Al-Si pada Selubung Baja Tahan Karat Austenitik dengan Jarak Semprot Terbatas

Metalurgi, Vol. 36 No. 2 Agustus 2021

Proses plasma spray atmosferik merupakan proses pelapisan yang banyak digunakan dalam aplikasi industri. Densitas
dan kekuatan ikatan yang tinggi merupakan ciri utama dari proses ini dan diperlukan dalam hampir semua sifat lapisan
untuk aplikasi-aplikasi khusus. Keterbatasan jarak semprot antara pistol nozel dan permukaan benda kerja pada saat
proses plasma spray memerlukan modifikasi parameter proses standar. Pada penelitian ini, modifikasi parameter proses
plasma spray dilakukan pada lapisan Ni-Al dan Al-Si untuk mendapatkan hasil lapisan yang optimum. Lapisan
diverifikasi dengan uji kekuatan ikatan tarik, uji keras, dan analisis struktur mikro. Dari modifikasi parameter yang
dilakukan, penurunan kecepatan gerak pistol menunjukkan hasil yang paling optimum. Kekuatan ikatan tarik rata-rata
yang diperoleh untuk lapisan Ni-Al dan Al-Si berturut-turut sebesar 9110 Psi dan 7283 Psi. Nilai kekerasan rata-rata yang
diperoleh untuk lapisan Ni-Al dan Al-Si berturut-turut sebesar 77 HRs dan 106 HRx. Pengamatan struktur mikro lapisan
Ni-Al menunjukkan struktur mikro yang lebih padat dibandingkan dengan struktur mikro lapisan dengan parameter
standar. Untuk lapisan Al-Si, selain struktur mikro yang lebih padat, juga diperoleh fasa eutektik yang lebih proporsional
dibandingkan dengan struktur mikro lapisan dengan parameter standar.

Kata Kunci: Plasma spray atmosferik, lapisan, Ni-Al, Al-Si, kecepatan lintas, kekuatan ikatan tarik, kekerasan

Atmospheric Plasma Spray Coating of Ni-Al and Al-Si on Austenitic Stainless-Steel Casing with Limited Short Spray
Distance

The atmospheric plasma spray coating is a coating process that many used in industrial applications. High density and
bond strength are the main features of this process. The limited spray distance between nozzle gun and work piece
surface during the plasma spray process requires standard process parameters modification. In the present study, an
effort carried out a change of process parameters on the Ni-Al and Al-Si for optimum results. Tensile bond strength,
hardness, and microstructure tests were used to validate the coating. The Ni-Al and Al-Si layers had average tensile
strengths of 9110 and 7283 Psi, respectively. The Ni-Al and Al-Si layers had average hardness values of 77 HRs and 106
HRH, respectively. When compared to the microstructure with standard parameters, the microstructure of the Ni-Al layer
showed a denser microstructure. In addition to the denser microstructure of the Al-Si layer, a more proportional eutectic
phase was obtained when compared to the microstructure of the layer with standard parameters.

Keywords: Atmospheric plasma spray, coating, Ni-Al, Al-Si, traverse speed, tensile bond strength, hardness
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Yohana Fransiska Ferawati dan Ratna Frida Susanti (Jurusan Teknik Kimia, Universitas Katolik Parahyangan)

Peran N-Doping terhadap Karakteristik Pori Karbon Aktif yang Dihasilkan dari Limbah Destilasi Akar Wangi

Metalurgi, Vol. 36 No. 2 Agustus 2021

Pada penelitian ini modifikasi gugus fungsi permukaan nitrogen pada karbon aktif dari limbah akar wangi diteliti
pengaruhnya terhadap pengembangan pori karbon aktif. Sintesis karbon aktif dilakukan dengan cara karbonisasi
hidrotermal LAW (limbah akar wangi) pada suhu 225 °C selama 18 jam dilanjutkan dengan aktivasi menggunakan
tungku tabung dalam atmosfer nitrogen dengan laju 100 mL/menit pada suhu 800 °C selama 2 jam dengan bahan
pengaktivasi KzFeOa. Urea digunakan sebagai sumber nitrogen. Variasi konsentrasi urea yang diteliti adalah 1:0 (AC-0),
1:3 (AC-3) dan 1:5 (AC-5). Hasil yang diperoleh menunjukkan bahwa ketiga karbon aktif ini memiliki karakteristik
mesopori dengan luas permukaan Sger (brunauer emmett teller) terbesar yaitu 552,90 m?g? dan diameter pori rata-rata
3,43 nm. Keberadaan gugus fungsi nitrogen juga tampak pada analisa FTIR (fourier transform infrared spectrometer).
Berdasarkan hasil analisa SEM-EDX (scanning electron microscopy-energy dispersive x-ray), semakin besar rasio
penambahan urea maka unsur N yang terkandung pada karbon aktif semakin meningkat. Sintesis karbon aktif dari limbah
akar wangi dengan penambahan urea merupakan metode terbaru untuk menghasilkan karbon aktif mesopori yang
nantinya dapat digunakan dalam aplikasi elektroda dan katalis pendukung.

Kata Kunci: Doping nitrogen, urea, limbah akar wangi, karbon aktif

The Role of N-Doping to the Pore Characteristics of Activated Carbon from Vetiver Root Distillation Waste

This work studied the effect of nitrogen functional group modification on activated carbon synthesized from vetiver root
waste on pores development. Synthesis of activated carbon was carried out by hydrothermal carbonization of vetiver root
waste at a temperature of 225 °C for 18 hours followed by chemical activation using Kz2FeOs as an activated agent in a
tubular furnace at a temperature of 800 °C for 2 hours with nitrogen atmosphere flowed at a rate of 100 mL/minute.
Urea was used as a nitrogen source. The variation of urea concentration was 1:0 (AC-0), 1:3 (AC-3), and 1:5 (AC-5).
The results showed that these activated carbons have mesoporous characteristics with the largest Sger (brunauer emmett
teller) surface area of 552.90 m?g! and average pore width 3.43 nm. The presence of the nitrogen functional group was
observed in the FTIR (fourier transform infrared spectrometer) analysis. Based on SEM-EDX (scanning electron
microscopy-energy dispersive x-ray) analysis, a higher amount of urea addition will increase the nitrogen content in
activated carbon. Synthesis of activated carbon from vetiver root waste with an addition of urea is the newest method to
produce mesoporous activated carbon for electrode and support catalyst purposes.

Keywords: Nitrogen doping, urea, vetiver root waste, activated carbon
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I Nyoman Gede Putrayasa Astawa, Vinda Puspasari, Efendi Mabruri, Satrio Herbirowo, Edi Priyanto Utomo (Pusat
Penelitian Metalurgi dan Material-LIPI)

Pengaruh Proses ECAP terhadap Sifat Keras, Morfologi Permukaan, dan Ketahanan Korosi Paduan Aluminium 6061

Metalurgi, Vol. 36 No. 2 Agustus 2021

Paduan aluminum Al-Mg-Si (6xxx) telah banyak digunakan sebagai material struktural untuk bangunan dan kendaraan
bermotor karena memiliki kekuatan mekanik dan ketahan korosi yang baik. Proses ECAP (equal channel angular
pressing) merupakan metode yang paling menjanjikan dengan mengaplikasikan deformasi plastis yang memproduksi
material utuh dengan butir yang halus tanpa porositas sisa. Penelitian ini mempelajari tentang pengaruh jumlah pass pada
proses ECAP terhadap kekerasan, struktur mikro, dan perilaku korosi pada paduan aluminum 6061. Material paduan
terlebih dahulu dilakukan proses aniling di dalam tungku dengan lingkungan gas argon pada T = 530 °C selama 4 jam
kemudian dicelupkan pada nitrogen cair selama 5 menit sebelum proses ECAP. Proses ECAP dilakukan melalui rute Bc
dengan cetakan yang memiliki lubang dalam bersudut 120° dan variasi pass dari 1, 2, 3, dan 4. Kekerasan optimal yang
diperoleh yaitu 107,58 HB pada paduan Al 6061 dengan 3 pass ECAP. Peningkatan jumlah pass pada ECAP
menyebabkan adanya pengurangan ukuran butir dari ukuran 10 um pada paduan hasil aniling menjadi ukuran 2,5 pm
pada paduan dengan 4 pass. Ketahanan korosi meningkat seiring dengan peningkatan jumlah ECAP pass.

Kata Kunci: Paduan Al-Mg-Si, ECAP, kriogenik, struktur mikro, ketahanan korosi

The Effect of ECAP Processing on Hardness, Surface Morphology, and Corrosion Resistance of 6061 Alloys

Al-Mg-Si alloys (6xxx) have been widely used as structural materials in buildings and vehicles because of their excellent
strength and corrosion resistance. ECAP (equal channel angular pressing) is the most promising method to apply SPD
(severe plastic deformation), producing ultra-fine grain in the bulk material without residual porosity. This study
presents some experiments results on the effect of ECAP number of passes variation on the hardness, microstructure, and
corrosion behavior of Al 6061 alloys. The alloy was annealed in the furnace with an argon gas environment at 530°C for
4 hours and then immersed in liquid nitrogen for 5 minutes before the ECAP process. The ECAP process was carried out
via the Bc route, with dies with an internal channel angle of 120° and pass variations of 1, 2, 3, and 4. The optimum
hardness was 107.58 HB in Al 6061 alloy with three passes of ECAP. The increasing ECAP number of passes leads to a
significant grain size reduction from the 0-way pass; the grain size was around 10 um, while for a 4-way pass, the grain
size was around 2.5 pm. The corrosion resistance of Al 6061 alloys increased with the increasing number of passes in the
ECAP process.

Keywords: Al-Mg-Si alloys, ECAP, cryogenic, hardness, microstructure, corrosion resistance
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Peningkatan Perolehan Logam dalam Proses Leaching Spent Catalyst pada Temperatur Rendah: Penambahan Hidrogen
Peroksida dan Natrium Klorida

Metalurgi, VVol. 36 No. 2 Agustus 2021

Salah satu faktor yang memengaruhi proses leaching dari suatu sumber mineral adalah karakteristik mineral dari bahan
baku tersebut. Tidak semua fasa mineral dapat dilakukan proses leaching secara langsung dan sempurna. Dengan
demikian, beberapa mineral memerlukan perlakuan khusus sehingga proses leaching dapat berlangsung dengan
maksimal. Studi ini akan terfokus pada mempelajari pengaruh penambahan senyawa aditif, yaitu hidrogen peroksida dan
natrium klorida, dalam proses leaching spent catalyst dengan menggunakan larutan asam sulfat. Proses leaching
dilakukan pada konsentrasi larutan asam sulfat 1 M selama 240 menit pada suhu ruang. Konsentrasi hidrogen peroksida
divariasikan pada 0-9%v/v sedangkan konsentrasi natrium klorida divariasikan pada 0-0,8 mol/L. Hasil percobaan
menunjukkan bahwa kedua senyawa aditif tersebut mampu meningkatkan perolehan nikel secara signifikan. Perolehan
nikel tertinggi sebesar 95,08% tercapai saat penggunaan hidrogen peroksida sebesar 9%v/v. Perolehan nikel ini lebih
tinggi 3,5 kali dibandingkan dengan tanpa penambahan hidrogen peroksida. Sementara itu, konsentrasi natrium klorida
sebesar 0,8 mol/L mampu memberikan perolehan nikel tertinggi sebesar 50,38% atau meningkat sebesar 1,9 kali bila
dibandingkan dengan tanpa penambahan natrium klorida.

Kata Kunci: Leaching, spent catalyst, hidrogen peroksida, natrium klorida, nikel

Increasing of Metal Recovery in Leaching Process of Spent Catalyst at Low Temperature: The Addition of Hydrogen
Peroxide and Sodium Chloride

One of the factors that affect the leaching process of a mineral source is the mineral characteristics of the raw materials.
Not all mineral phases can be leached completely and directly. Thus, some minerals require special treatment so that the
leaching process can take place optimally. The purpose of this research is to investigate the effect of adding additive
compounds, such as hydrogen peroxide and sodium chloride, to the leaching process of spent catalyst using a sulfuric
acid solution. The leaching process was carried out at room temperature for 240 minutes with a concentration of 1 M
sulfuric acid solution. The highest nickel recovery of 95.08% was obtained when hydrogen peroxide was used at a
concentration of 9% v/v. The experimental results showed that the two additive compounds were able to increase nickel
recovery significantly. The highest nickel recovery of 95.08% was achieved when hydrogen peroxide was used at 9%v/v.
The nickel recovery is 3.5 times higher than without the addition of hydrogen peroxide. Meanwhile, a sodium chloride
concentration of 0.8 mol/L was able to provide the highest nickel recovery of 50.38 %, or a 1.9 times increase over the
control.

Keywords: Leaching, spent catalyst, hydrogen peroxide, sodium chloride, nickel
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Pengaruh Variasi Suhu dan Arus Elektrolit Terhadap Sintesis Mangan Dioksida dari Prekursor Mangan Sulfat
Menggunakan Metode Elektrolisis

Metalurgi, Vol. 36 No. 2 Agustus 2021

Perkembangan ilmu dan teknologi dewasa ini dalam bidang elektronik, khususnya penyimpanan energi meningkatkan
permintaan dalam penggunaan baterai sekunder litium. Pengembangan baterai litium difokuskan pada kapasitas
penyimpanan energi dengan menggunakan mangan dioksida (MnOz) sebagai bahan katoda baterai litium. Mangan
dioksida dipilih sebagai bahan katoda baterai litium karena memiliki kapasitas penyimpanan yang tinggi yaitu sekitar
615 mAh/g dibandingkan dengan material lain seperti grafit yang memiliki kapasitas penyimpanan 372 mAh/g. Sintesis
MnO: dilakukan dengan metode elektrolisis dari prekursor mangan sulfat (MnSO4) yang diperoleh dari proses pelindian
bijih mangan Kabupaten Trenggalek. Proses elektrolisis dilakukan selama 5 jam dengan menggunakan variasi temperatur
elektrolit 30, 40, 50 dan 60 °C serta variasi arus 2, 3, 4 dan 5 A untuk mengetahui pengaruh temperatur elektrolit dan arus
terhadap perolehan massa, polimorfi struktur dan morfologi MnO2 yang terbentuk. Perolehan massa tertinggi diperoleh
pada penggunaan temperatur elektrolit 60 °C dan arus 5 A yaitu sebesar 11,4 gram. Hasil karakterisasi MnO2 dengan
menggunakan XRF (x-ray fluorescence) Thermo type ARL 9900 menunjukkan kadar mangan dioksida sebesar 85,472%
dan hasil analisa dengan menggunakan XRD (x-ray diffraction) Shimadzu type 7000 diperoleh polimorfi struktur
senyawa MnO:z yang terbentuk adalah polimorfi a-MnOz. Citra SEM (scanning electron microscope) menunjukkan
bahwa partikel MnO2 memiliki bentuk bulat berduri dan cenderung beraglomerasi dengan nilai diameter partikel berkisar
antara 50-70 nm.

Kata Kunci: Elektrolisis, MnO2z, MnSO4, temperatur elektrolit, arus

The Effect of ECAP Processing on Hardness, Surface Morphology, and Corrosion Resistance of 6061 Alloys

The advancement of science and technology in the field of electronics, particularly in the field of energy storage, is
increasing the demand for the use of lithium secondary batteries. The use of manganese dioxide (MnO2) as a lithium
battery cathode material is focusing the development of lithium batteries on energy storage capacity. Manganese dioxide
was chosen as the cathode material for lithium batteries because it has a high storage capacity of about 615 mAh/g
compared to other materials such as graphite which has a storage capacity of 372 mAh/g. MnO:2 was synthesized by the
electrolysis method from manganese sulfate (MnSQOa) precursor which was obtained from the Trenggalek manganese ore
leaching process. The electrolysis process was carried out for 5 hours using variations in electrolyte temperature of 30,
40, 50, and 60 °C as well as variations in a current of 2, 3, 4, and 5 A to determine the effect of electrolyte temperature
and current on mass gain, structural polymorphy, and morphology of MnO2 formed. The highest mass gain was obtained
at the use of an electrolyte temperature of 60 °C and a current of 5 A, which was 11.4 grams. The characterization of
MnO:2 using XRF (x-ray fluorescence) Thermo type ARL 9900 revealed manganese dioxide levels of 85.472%, and the
analysis using XRD (x-ray diffraction) Shimadzu type 7000 revealed that the polymorphy structure of the MnO:
compound formed was a-MnOz polymorphy. The MnOz2 particles have a spiny round shape and tend to agglomerate, as
shown by the SEM (scanning electron microscope) image, with particle diameter values ranging from 50 to 170 nm.

Keywords: Electrolysis, MnO2, MnSQOq, electrolyte temperature, current
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Abstrak

Terak feronikel dihasilkan sebagai produk samping dari produksi feronikel. Terak feronikel mempunyai potensi
untuk dimanfaatkan sebagai bahan baku beberapa komponen berharga karena komposisinya melalui proses
bertahap. Tujuan dari penelitian ini adalah untuk mengetahui pengaruh dari proses pemanggangan campuran terak
feronikel dan Na,COj3 sebelum pelindian dengan air panas dan presipitasi untuk menghasilkan endapan silika. Proses
pemanggangan terak feronikel dengan penambahan Na.COj; telah dilakukan untuk pembentukan natrium silikat.
Kemudian dilarutkan melalui proses pelindian menggunakan air panas 90 °C selama 120 menit. Endapan silika
didapatkan dengan proses presipitasi sodium silikat terlarut diikuti dengan pemeraman selama tiga hari. Berdasarkan
hasilnya, pemanggangan menyebabkan perubahan komposisi yang mempengaruhi persen pelindian dan perolehan
silika. Reaksi terjadi dari permukaan ke inti yang dibuktikan dengan pengecilan ukuran residu pelindian dari RAF
(roasted of alkalinized ferronickel slag). Natrium silikat dalam bentuk NasSiO. diketahui terlarut pada tahap
pelindian dengan air panas. Pengendapan dan pemeraman larutan natrium silikat telah menghasilkan endapan silika
dengan ukuran partikel lebih dari 100 um. Proses pemanggangan pada 1000 °C selama 240 menit menghasilkan
perolehan silika tertinggi.

Kata Kunci: Feronikel, terak, pemanggangan, pelindian, pengendapan, silika

Abstract

As a by-product of ferronickel production, ferronickel slag was created. Because of its composition, it has the
potential to be used as a raw material for some valuable elements through a series of processing. The purpose of
this research is to determine the effect of roasting ferronickel slag and Na,COs prior to hot water leaching and
precipitation to obtain silica precipitate. To produce sodium silicate, ferronickel slag was roasted with Na,COs
addition. It was then dissolved by leaching for 120 minutes in hot water at around 90 °C. Silica precipitate is made
by precipitating dissolved sodium silicate and aging it for three days. According to the findings, roasting causes a
change in composition, which influences the leaching percentage and silica recovery. Size reduction of leaching
residue from its RAF (roasted alkalinized ferronickel slag) demonstrated that reactions occurred from the surface to
the core. When water is leached, sodium silicate in the form of NasSiO, is observed and dissolved. The precipitation
and aging of sodium silicate solution produced silica precipitate with particle sizes greater than 100 um. The
highest silica recovery is obtained by roasting at 1000 °C for 240 minutes.

Keywords: Ferronickel, slag, roasting, leaching, precipitation, silica

1. INTRODUCTION stainless steel. Meanwhile, nickel matte is

The smelting process of lateritic nickel ore commonly used for producing pure nickel as well
produces ferronickel or nickel matte as the main as nickel sulfate for cathode materials in battery
product and ferronickel slag as a by-product. which has been developed recently. However,
Ferronickel has been used mostly as material for mostly ferronickel slag is just used as reclamation

materials [1] without further processing,
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therefore it does not own the added value.
Ferronickel slag contains various valuable
elements such as Al, Cr, Fe, Mg, Si [2]-[4] as
well as rare earth elements [5] that potentially
recover. However, presently research for
ferronickel slag mostly tends to make it as
construction materials [6]-[10] due to its
properties. The methodology to recover its
valuable elements is still rare and challenging,
therefore study about the recovery of valuable
materials from ferronickel slag is essential to be
carried out.

Fang et. al., [11] tried to recycle Si and Al
from ferronickel slag with sodium hydroxide
addition through alkali roasting and water
leaching processes. The extraction percentage of
Si increases as roasting temperature and time
increase. About 80% Si can be recovered from
the water leaching process of roasted mixture of
ferronickel slag and sodium hydroxide at 550 °C.
Gu et. al., [12] obtained 92.33% of chromium
from the selective recovery of ferronickel slag
with Na;O. addition. The optimum result is
obtained from roasting at 600 °C for one hour
with the ratio of ferronickel slag and NaO- is 1:1,
leaching temperature of 50 °C for one hour, and
liquid/ solid ratio 10 ml/g. Prasetyo et. al., [5]
carried out roasting processes to the mixture of
ferronickel slag and Na.COs. Sodium silicate is
observed in the XRD (x-ray diffraction) analysis
of the roasted products. Moreover, magnesium
was also recovered by the calcination process
followed by leaching using NaOH solution to
dissolve silica and recover magnesium, in which
73.10% of magnesium can be obtained from this
process [13].

In the previous study [14], alkali fusion of
ferronickel slag using Na,COs through the
roasting process was carried out. Weight loss
percentage due to the roasting process, reaction
mechanism proposed as well as quantitative
analysis of Al, Fe, and Mg in the roasted
ferronickel slag are discussed. In this study, hot
water leaching of RAF and precipitation were
carried out. Na,COs was added as an additive to
lower the melting point of the mixture [5],[14]
since the melting point of ferronickel slag is high,
at about 1400 °C, depends on the compositions
[2]. Moreover, it provides better separation of Ca
to the leaching residue instead of to the leachate
due to CaCO; formation [15]. Meanwhile, the
sodium ion is expected to react with SiO, to form
sodium silicate which is dissolved in the water
when the leaching process is carried out, and then
it can be separated and precipitated by acid to
produce silica precipitate. This study aims to
determine the effect of roasting processing of

ferronickel slag with Na,COs addition prior to
hot water leaching and precipitation to obtain
silica precipitate.

2. MATERIALS AND METHODS

Ferronickel slag used is from a smelting
plant at Morowali, Centre of Sulawesi, Indonesia.
Size reduction was conducted to the ferronickel
slag to obtain 0.15 mm fine grain. It was then
physically mixed with the analytical grade of
sodium carbonate (Na.COs) from Merck with a
50: 50 by weight. Roasting processes at specific
temperatures and times were conducted to the
weighted ferronickel slag and Na,CO3z mixture in
the CWF 1300 muffle furnace to produce RAF.
Roasting temperature and time used for this study
are 800 - 1000 °C and for 60, 120, and 240
minutes. Roasted slag resulted from the roasting
process at a temperature of 800, 900, and
1000 °C is then referred to as RAF 800, RAF
900, and RAF 1000 respectively.

Leaching processes using hot water
accompanied by heating at about 90 °C and
stirring, were carried out to 10 g of the RAF and
100 ml hot water for 120 minutes in the beaker
glass which was heated in a hot plate. The
process was then continued with filtration to
separate leachate and leaching residue. The mass
differences of RAF weight for leaching and
residue leaching were used to calculate the
leaching percentage. The leaching residues were
dried in the oven at 110 °C for characterization.
Meanwhile, silica precipitation using 20 ml of
HCI was performed on the leachates. HCI has
added drops-wisely together to obtain a
homogeneous mixture, which was then aged for
three days for precipitations subsequently. The
precipitates formed were then filtered to separate
it with the solution and dried in the oven at
110 °C for 6 hours. The precipitates resulted were
then weighted to calculate the recovery and
characterize.

To determine the effect of roasting processes
before the leaching, SEM-EDS (scanning
electron microscope-energy dispersive
spectroscopy) analysis was performed on the raw
ferronickel slag, RAF, residue leaching, and
silica precipitate to determine the microstructure
of ferronickel slag and its transformations due to
roasting and leaching processes. Furthermore,
XRD (x-ray diffraction) analysis was performed
to determined phases transformations of roasted
product and leaching residue. Figure 1 shows the
process flow diagram of this research.
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3. RESULTS AND DISCUSSIONS

A characterization of the raw ferronickel
slag was carried out by SEM-EDS (scanning
electron microscope-energy dispersive
spectroscopy) analysis to determine the
morphology and the compositions. Figure 2
shows the morphology of the ferronickel slag and
its EDS analysis in the captured area summarized
in Table 1. The morphology is rough and has
various particle sizes, while the EDS shows that
Si and O are the main components followed by
Mg and Fe.
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Figure 2. SEM-EDS of ferronickel slag

Table 1. Compositions of ferronickel slag

Element Wt.%
(e} 45.96
Mg 14.59
Al 3.08
Si 20.84
Ca 1.60
Cr 1.60
Fe 11.84
Co 0.39
Ni 0.058
Cu 0.97

The leaching process was conducted at
90 °C for 120 minutes to the RAF which was
previously roasted at various temperatures and
times. The leaching percentage was then
calculated to determine the ratio of dissolved
materials to the initial mass of the roasted slag
which is used in the leaching process. The effect
of alkali roasting prior to the leaching process
toward the leaching percentage, microstructure
transformations, and its compositions as well as
phase transformations is discussed here.

3.1 The Effect of Alkali Roasting Prior to
Leaching Process toward Leaching
Percentage
The leaching processes were carried out to

the RAF 800, RAF 900, and RAF 1000 which

were roasted previously for 60-240 minutes by

using hot water. The leaching was performed at a

temperature of 90 °C for 120 minutes with a

solid/ liquid ratio of 1 g/ 10 ml.

BRAF 800 ORAF 900 ORAF 1000

Leaching percentage (%)

20
15
10
5
60 120 240
Roasting time (minutes)
Figure 3. The effect of alkali roasting process at various

temperature and time prior to leaching process toward
leaching percentage

Figure 3 shows the effect of the alkali
roasting process at various temperatures and
times before the leaching process toward the
leaching percentage. The higher leaching
percentage means more RAF dissolved in the hot
water during leaching. The trend of leaching
percentage resulted from the leaching process of
RAF 800 is different, the longer leaching time,
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the lower leaching percentage resulted.
Meanwhile, RAF 900 and RAF 1000 have a
similar tendency, showing the highest leaching
percentage at 120 minutes.

The melting point of Na,CO; is 851 °C,
roasting at a temperature of 800 °C might be
affecting the lower decomposition of the mixture
of ferronickel slag and Na;COs in the roasting
process due to solid-solid reactions. Moreover,
most of Na,CO3 remains in the initial form, the
previous study shows that the mapping of the
roasted product of the mixture of ferronickel slag
and Na,CO; at a similar process condition
demonstrating sodium distributes on the specific
area [5]. The presence of Na,COs in the initial
form contributes to the rise in the leaching
percentage of the RAF due to the initial
characteristic of Na>COs that easily dissolves in
the water, it is not caused by a good
decomposition that resulted from the desired
compositions. Furthermore, as the contact of the
mixtures was longer by increasing leaching time,
the reaction might be better, resulting product
that is more difficult to dissolved in the hot water
such as sodium magnesium silicate as illustrates
in Fig. 5. Therefore, the leaching percentage was
higher in the first 60 minutes and constantly
decrease as longer leaching time was performed.

When the roasting process was carried out at
the temperature 900 and 1000 °C, higher than the
melting point of Na;COs; the solid-liquid
reactions might have occurred and better
decomposition has resulted. Based on the
previous study, the sharp peak of an endothermic
reaction is observed on the TG-DTA analysis of
ferronickel slag and Na,COs at 900 °C [5]. RAF
900 and RAF 1000 have a similar tendency,
showing the highest leaching percentage at 120
minutes. RAF at 900 °C has a lower leaching
percentage, about 15%, than the leaching
percentage of RAF 1000. It is in good agreement

with the previous study that the leaching
percentage increases as the roasting temperature
rises. Moreover, the leaching percentage
decreased as roasting time escalates more than 3
hours [12].

3.2 The Effect of Alkali Roasting Prior to
Leaching Process toward Microstructure
Transformation and Composition
In order to determine the effect of alkali

roasting prior to the leaching process toward
microstructure transformation and its
composition, SEM-EDS was performed to the
RAF 800, RAF 900, RAF 1000 (resulted from
the roasting process for 60 minutes) and its
leaching residue. Figure 4 shows the SEM
analysis of the roasted products (RAF 800, RAF
900, RAF 1000) and their leaching residue. The
differences between the three are obvious. RAF
800, RAF 900, RAF 1000 are shown in Figs.
4(a), 4(c), 4(e) have the greater particle size,
white and porous microstructure on the surface.
Moreover, Figs. 4(b), 4(d), 4(f) show the
microstructure of leaching residue. It can be seen
that the particle size is reduced to the smaller
size, the white and porous sharp is also reduced,
the dark and compact form leftover, which
indicated some elements or compounds dissolved
into hot water even though just on the surfaces,
therefore affect the microstructure itself. Figures
4(a) and 4(b) change slightly. Figures 4(c) and
4(d) show the greater particle size. It is caused by
elements content escalation (Table 2) at these
process conditions, reducing the solubility to the
hot water [16]. On the other hand, Fig. 4(e)
shows the greatest melting component than the
others and the greatest dissolved components into
the hot water. It can be shown by the greater
differences in particle size in Fig. 4(f) compared
to the others.

Table 2. Composition of RAF (roasted alkalinized ferronickel) and leaching residue

Elements RAF 800 Leaching RAF 900 Leaching RAF 1000 Leaching
residue RAF residue RAF residue
800 900 RAF 1000
(0] 32.30 28.79 51.18 32.29 41.96 30.20
Na 8.08 7.87 21.92 11.75 20.04 16.04
Mg 18.41 18.36 9.04 13.38 7.71 13.61
Al 3.47 2.63 2.15 2.95 1.63 2.63
Si 21.00 15.11 13.00 15.31 12.37 19.34
Ca 0.87 1.27 - - - -
Cr 1.20 1.95 2.12 3.91 1.67 1.19
Fe 13.19 18.69 13.78 16.43 10.77 12.21
Co - - 0.39 - 0.13 -
Ni - - 0.12 - - -
Cu - 2.77 3.98 2.44 - 2.23
Zn 1.49 1.56 1.65 1.56 2.38 1.37
Mn - 0.99 - - 1.33 1.18
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As the EDS analysis of RAF 800, RAF 900,
and RAF 1000 which were roasted for 60
minutes, and their leaching residue is shown in
Table 2.

RAF 800 was slightly changed in the content
compared of the element to the raw ferronickel
slag. It might be caused by reactions that
occurred to the spinel phases that bearing Al and
Mg [14]. Moreover, Fe as Fe;SiO4 from olivine
also reacted with Na,COj3 at about 610 °C [14].
Therefore, the content of Al, Mg, and Fe slightly
increase in the RAF 800 compare with raw
ferronickel slag.

The leaching process causes the content of O,
Na, Al, and Si to slightly decrease. It shows that
these elements dissolved in the hot water and
increasing some elements content that remained
in the leaching residue such as Ca, Cr, and Fe.

Moreover, some elements such as Cu, Zn, and
Mn can also be observed.

RAF 900 shows the greatest change of
elements content. The previous study also shows
the greatest changes in the content of the element
Al, Fe, and Mg with similar process conditions
[14]. Liquid-solid reactions occurred since the
process was performed at a temperature higher
than the melting temperature of Na,COs. The
higher change of O content shows that RAF 900
is covered by oxide. Moreover, Ni and Co just
can be observed on the RAF 900. Increasing
elements content of Fe, Co, Cu, Cr, and Ni are in
line with increasing O content. It indicates that
these elements are in the form of oxide. However,
increasing elements content might be causing the
lower leaching percentage since more
components are not dissolved in hot water. It can
be proved by increasing elements content of Al,
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Cr, Fe, and Mg in the leaching residue compared
to RAF 900 or raw ferronickel slag. Decreasing
O, Na, and Si elements in the leaching residue
indicated that these elements dissolved in the hot
water thus some elements contained in the
leaching residue increase.

The element’s content of RAF 1000 has a
similar trend with RAF 900. The element content
of Al, Fe, Mg, and Si in the leaching residue was
higher than its RAF. However, the content of Cr,
Na, and O in the leaching residue was decreased.
It indicates a part of the dissolution of these
components in the leachate. Increasing roasting
temperature rises reaction rat, the content of Na
in the leaching residue of RAF 1000 shows the
highest content than RAF 800 and RAF 900, it
indicates that more ferronickel slag reacts with
Na,COs.

3.3 Phase Transformation of RAF and

Leaching Residue

XRD (x-ray diffraction) analysis was used to
determine the phase transformation of the roasted
product and the leaching residue. It carried out to
the roasted product that was roasted at 1000 °C
(RAF 1000) for 60 minutes and its leaching
residue.

Figure 5(a) shows the XRD analysis of RAF
1000 °C. It shows olivine that is an original phase
of ferronickel slag [12],[14] reacts with Na;COs
forming Nax(MgSiOs), Mg.SiOs, NaAlSIOy4,
Nas;SiOs, MgO, and Fes0s. The proposed
reactions are as follow [12], [14]:

2[(Mg-Fe)O-SiO2] + 3/2 02 > Mg:SiOs + SiOz + Fes03 (1)

Mg2SiO4 + Na2COz > 2MgO + NazSiOs + CO2(g) )
Fe2SiOs+ NazCO3 + % Oz > NaaSiOs + Fe203+ COz() (3)
Fe2SiOs + Na2COs = Naz2SiOz + Fe203 + COyg) 4)
MgO + SiO2+ Na2CO3 = Na2MgSiO4 (5)
MgAI204 + Na2zCOs = MgO + 2NaAlO2z + COxz() (6)
NaAIlO2 + SiO2 > NaAlISiO4 @)

Figure 5(b) shows the XRD analysis of the
leaching residue from the leaching process at
about 90 °C for 120 minutes of RAF 1000. It
shows that Nas,SiO4 was separated in the leachate
since it is not presented on the XRD graph,
Figure 5 (b), and leftover Nax(MgSiOs), M@.SiOs,
NaAlSiOs, MgO and Fes;Os. The formation of
Na>(MgSiOs) is similar to the reaction between
ferronickel slag and Na;O, [12]. The presence of
Fes0, instead of Fe,Os in the XRD graph might
be caused a reduction of Fe,O3 by CO resulted
from the reactions that occurred. Moreover, the
presence of sodium aluminosilicate could
prohibit the dissolution of silicon in the leaching
process [17], resulted a lower leaching
percentage of silicon.
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Figure 5. XRD analysis (a) roasted product at 1000 °C for
60 minutes and (b) the leaching residue

The semi-quantitative phases formed is
tabulated in Table 3. The phases are dominated
by Naz(MgSiO.) and Mg,SiOa. It shows that SiO-
does not liberate overall from olivine. The
reaction might occur just at the surface since
Mg.SiOs is still presented. Moreover, the
microstructure transformation of the RAF and its
leaching residue show the surface differences.

Table 3. Phase compositions of roasted product and leaching
residue

Phases Roasted product  Leaching residue

(%) (%)

Na:MgSiO4 43.8 54.7

Mg2SiO4 26.7 14.7

NaAISiO4 121 9.9

NasSiO4 12.9 -

Fes0s4 2.7 7.3

MgO 1.7 133

3.4 Precipitation Process of the Leachate
Precipitations were conducted to the
leachate that produced from leaching processes
of RAF 800, RAF 900, and RAF 1000. The
reaction  mechanism  for leaching and
precipitation are shown on reaction (8) — (10).

SiOz(s) + 2Na2CO03(s) > NasSiOas) + 2CO2(g) (8)
NasSiO4s) + H20¢) > NauSiOas(ag) 9)
NasSiOs(ag)+ 4HClag) = 4NaClg) +SiOz2s) + 2H20¢0)  (10)
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Figure 6(a) shows the precipitate recovered
from a series of roasting, leaching, and
precipitation processes. It shows that the higher
the roasting temperature and time, the higher
silica recovered. Leaching followed by
precipitation processes of roasted alkalinized
ferronickel slag (RAF) with roasting temperature
and time of 1000 °C and 240 minutes can recover
precipitate up to 23.43 %. The low recovery of
silica indicates the optimization of a series of
processes needs to be carried out further.
Decomposition of silica from olivine bonding to
be sodium silicate must be optimum, therefore a
high leaching percentage especially for Si can be
obtained for the precipitation process further.

Table 4. Compositions of silica precipitate

Compositions Area 001 Area 002
Si 39.83 46.38
(0] 60.17 53.62
Total 100 100
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Figure 6. (a) Recovery of the precipitate (b) SEM analysis of
the precipitate

Characterization of precipitate recovered is
shown in Fig. 6(b) and its compositions in Table
4. SEM-EDS analysis shows the dark and
compact particle with a particle size is more than
100 pum. The area 001 and 002 of EDS analysis
show that the precipitate is silica. It shows that
extraction of silica from ferronickel slag can be
an option to provide added value for side
products of nickel smelting.

— 990 pun|

4. CONCLUSIONS

The roasting process affects the content of
the element of RAF and subsequently affects the
leaching percentage of RAF. Roasting at 800 °C
causes solid-solid reactions that generate low
decomposition. Roasting at 900 °C causes
massively decompositions, generating the lowest
leaching percentage due to increasing some
undissolved elements. Increasing roasting
temperature to 1000 °C gains a higher leaching
percentage. The higher the roasting temperature,
the deeper reactions occurred, resulting from the
smaller particle size of leaching residue. The
reaction starts from the surfaces to the core.
Sodium silicate (NasSiO.) is formed as an effect
of the roasting process and separated in the
leachate when leaching using hot water
performed. = However, the presence of
Na,MgSiO4, M@.SiO4, and NaAlSiO4 prevent the
further dissolution of silica in the leaching
process and cause low leaching percentage that
trigger low recovery of the silica precipitate.
Alkali roasting prior to the leaching process
affects the recovery of silica precipitate, the
higher the roasting temperature and the longer the
roasting time, the more silica precipitate
recovered. The particle size of silica precipitate is
more than 100 um.
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Abstrak

Proses plasma spray atmosferik merupakan proses pelapisan yang banyak digunakan dalam aplikasi industri.
Densitas dan kekuatan ikatan yang tinggi merupakan ciri utama dari proses ini dan diperlukan dalam hampir semua
sifat lapisan untuk aplikasi-aplikasi khusus. Keterbatasan jarak semprot antara pistol nozel dan permukaan benda
kerja pada saat proses plasma spray memerlukan modifikasi parameter proses standar. Pada penelitian ini,
modifikasi parameter proses plasma spray lapisan Ni-Al dan Al-Si pada permukaan selubung baja tahan karat
austenitik untuk mendapatkan hasil lapisan yang optimum. Lapisan diverifikasi dengan uji kekuatan ikatan tarik, uji
keras, dan analisis struktur mikro. Dari modifikasi parameter yang dilakukan, penurunan kecepatan gerak pistol
menunjukkan hasil yang paling optimum. Kekuatan ikatan tarik rata-rata yang diperoleh untuk lapisan Ni-Al dan Al-
Si berturut-turut sebesar 9110 Psi dan 7283 Psi. Nilai kekerasan rata-rata yang diperoleh untuk lapisan Ni-Al dan
Al-Si berturut-turut sebesar 77 HRB dan 106 HRH. Pengamatan struktur mikro lapisan Ni-Al menunjukkan struktur
mikro yang lebih padat dibandingkan dengan struktur mikro lapisan dengan parameter standar. Untuk lapisan Al-Si,
selain struktur mikro yang lebih padat, juga diperoleh fasa eutektik yang lebih proporsional dibandingkan dengan
struktur mikro lapisan dengan parameter standar.

Kata Kunci: Plasma spray atmosferik, lapisan, Ni-Al, Al-Si, kecepatan lintas, kekuatan ikatan tarik, kekerasan

Abstract

The atmospheric plasma spray coating is a coating process that many used in industrial applications. High density
and bond strength are the main features of this process. The limited spray distance between nozzle gun and
workpiece surface during the plasma spray process requires standard process parameters modification. In the
present study, an effort carried out a change of plasma spray process parameters of the Ni-Al and Al-Si coating on
austenitic stainless steel casing for optimum results. Tensile bond strength, hardness, and microstructure tests were
used to validate the coating. The Ni-Al and Al-Si layers had average tensile strengths of 9110 and 7283 Psi,
respectively. The Ni-Al and Al-Si layers had average hardness values of 77 HRg and 106 HRy, respectively. When
compared to the microstructure with standard parameters, the microstructure of the Ni-Al layer showed a denser
microstructure. In addition to the denser microstructure of the Al-Si layer, a more proportional eutectic phase was
obtained when compared to the microstructure of the layer with standard parameters.

Keywords: Atmospheric plasma spray, coating, Ni-Al, Al-Si, traverse speed, tensile bond strength, hardness
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1. INTRODUCTION

The APS (atmospheric plasma spray) coating
is a thermal spray coating method that is widely
used for a variety of protective coatings, including
thermal barrier, corrosion-resistant, and wear-
resistant surfaces [1]. The plasma arc used as an
energy source can generate a very high
temperature from the inert gas plasma jet [2]. This
capability allows all types of feedstock materials to
be melted during the coating process. This
extremely high temperature will be decreased by
increasing distance from the arc, thus keeping
substrate material remains cool and have little or
no changes in its microstructure [3]. The heated
feedstock materials will form a molten or semi-
molten state before being accelerated and
propelled toward the cleaned and blasted surface
[2]. Upon impact to the surface, a mechanical bond
is created, resulting in splats and build-up layers
with lamellar structure. The layers will then be
cooled down and solidified [2]. Compare to
another spray method, this atmospheric plasma
spray offers a higher temperature, produces high
density and tensile bond strength, and has uniform
integrity. These properties will only be achieved
by maintaining good substrate preparation, control
environment, and process parameter. Process
parameter standard in APS mostly was provided by
the manufacturer as a complete package with its
machine. However, it only works on a particular
condition, such as the free distance between the
spray gun and substrate. Changes in the shape, size,
and geometrical workpiece lead to the change of
the APS process parameter.

Two types of coating materials, nickel
aluminum (Ni-Al) and aluminum-silicon (Al-Si),
were selected. Ni-Al is the most widely used
coating material for bond coat and has better
suitability to apply in almost substrate [4]. It is
used as a material for restoring worn components
and as bond coats for specific and general
industrial applications. Ni-Al coatings are self-
bonding to steel substrates and have excellent
oxidation resistance up to 800 °C (1470 °F).
Mechanically clad aluminum and nickel
composites provide this Ni-Al powder [5].

Another feedstock material, Al-Si, is mostly
used as a structural material due to its better
characteristics in wear resistance, lower thermal
expansion coefficient, and high strength to wear
ratio [6]-[10]. AI-Si is produced using gas
atomized powders of aluminum alloyed with 12
wt.% silicon. These materials are excellent
general-purpose materials for salvaging and
rebuilding aluminum and magnesium alloy parts.

Plasma sprayed aluminum-silicon coatings are
also used for the repair of worn jet engine
components and the dimensional restoration of jet
engine components that have been worn during
manufacture. Aluminum with 12% silicon is a
simple eutectic system with a low melting point.
Silicon reduces the melting temperature to 577 °C
(1071 °F) while increasing fluidity, specific gravity,
and the coefficient of thermal expansion. It also
decreases the contraction associated with
solidification. The silicon present in the material is
virtually pure, acting to increase the hardness of
coatings produced from these materials and
improving abrasion resistance. Aluminum silicon
powders produce coatings that are harder and
slightly denser than pure aluminum powder layers
[11]. The purpose of choosing two coating
materials was not to compare their mechanical
properties or microscopic structure, but to learn
about the trend that occurs when parameter
changes are made to the metal powder group. In
the present work, several parameters were
investigated to find out the optimum result of
coating on the substrate with limited geometry,
followed by mechanical testing and microstructural
examination.

2. MATERIALS AND METHODS
2.1 Material
As received substrate material of austenitic

stainless steel 321 and two types of coating
material Ni-Al and Al-Si with -90+45 pum particle
size distribution was used in the present work. The
substrate was prepared by solvent cleaning and grit
blasting with aluminum oxide at 120 psi pressure.

The chemical compositions of each material are
shown in Tables 1, 2, and 3, respectively.

Table 1. Chemical compositions of stainless steel substrate
AISI 321 (in wt.%) [12]

Element CO?JVQ%Z?OH
C 0.08
Mn 2.00
Si 1.00
Cr 18.00
Ni 11.00
0.05
0.03
Ti 0.40 (min)
Fe Balance
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2.2 APS Process Parameter

The atmospheric plasma spray coating
process parameter was prepared based on the
equipment guidance manufacturer and then
modified to match the geometric condition. This
geometric condition only allows a maximum
spray distance of 2 inches, which differs from the
standard parameter's amount of 9 inches. It will
also increase the temperature of the base metal's
surface and limit the amount of deposited dust
that escapes from the spray area. The process
parameter was limited to power as an output from
ampere and voltage, speed of traverse gun and
rotation of the workpiece, and feed rate of the
powder. This study was prepared in accordance
with the criteria listed in Table 4. The parameter
is applied to the AI-Si and Ni-Al coating
materials as a system on the AISI 321 stainless
steel substrate.

Table 2. Chemical compositions of nickel aluminum (Ni-Al)
coating material [5]

Element Composition (wt%o)
Ni Balance
Al 4.5

Table 3. Chemical compositions of aluminum silicon (Al-Si)
coating material [11]

Element Composition (wt%b)
Al Balance
Si 12

2.3 Tensile Bond Strength Test

AISI 321 was prepared as a workpiece
substrate for tensile bond strength testing in
accordance with ASTM C-633, standard test
method for adhesion or cohesion strength of
thermal spray coatings, using a rod-type
specimen with a diameter of 1 inch and a length
of 2.5 inches [13]. A universal testing machine

(Shimadzu) was then used to examine the sample.

This testing method is used to determine the
adhesive strength between the coating and the

substrate, as well as the cohesive force within the
coating. It had one coated surface and one blasted
surface that were both sticky when combined
with the adhesive film. All specimens were
assembled in a special fixture before being cured
in the oven. Following curing, excessive
adhesion film was removed from the adjacent
surface with grit abrasive paper or cloth. At room
temperature, the specimen was mounted to the
tensile testing machine with a fixture to allow for
handling during the process. Each sample was
tested until rupture occurred at a constant stress
rate and crosshead travel. Each specimen's
rupture surface was examined to determine the
type of failure of each coating. If the failure
occurs between the coating and the substrate, the
strength is referred to as adhesive strength. If it
occurs within the coating, the strength is referred
to as cohesive strength.

2.4 Hardness Test

The hardness specimen was created using
the ASTM E18-20 standard test methods for
Rockwell hardness of metallic materials [14].
The sample measured 3 inches in length, 1 inch
in width, and 0.2 inch in thickness. The sample
was then examined using a Rockwell hardness
testing machine (Matsuzawa) and the Rockwell
H (HRu) and B values (HRg). The goal of this
test was to see how parameter changes affected
the hardness of the coating.

2.5 Metallographic Test

Metallographic specimens were prepared in
accordance with ASTM E1920, the standard
guide for metallographic preparation of thermal
sprayed, with specimens measuring 3 inches in
length, 1 inch in width, and 0.2 inch in thickness
[15]. The sample was then examined under a
100X magnification optical microscope (Nikon
Microphot-FX). The goal of this microstructure
evaluation is to determine the impact of
parameter changes on the structure of Ni-Al and
Al-Si coatings.

Table 4. Atmospheric plasma spray parameter modification for Ni-Al and Al-Si coating materials applied on AISI 321 stainless

steel casing substrate

Parameter Specimen Specimen A2 Specimen Specimen  Specimen
Al/B1? /B2 A3/B3 A4/ B4 A5/B5

Power (kW) 35 30 35 35 35

Spray Distance (inches) 4 2 2 2 2

Powder Feed Rate (Ib/hr) 10 10 5 10 10

A traverse speed of gun (mm/s) 10 10 10 7.5 10

A rotation speed of workpiece (RPM) 60 60 60 60 160
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3. RESULTS AND DISCUSSIONS
3. 1. Tensile Bond Strength Test

The failure feature of the tensile bond
strength test specimen is shown in Figs. 1 and 2
for Ni-Al and Al-Si coating, respectively. There
are two modes of failure resulted; the first one is
an adhesive failure where the coating failed
between coating and substrate. The second one is
a cohesive failure where the failure occurred
within the coating [13]. Adhesive failure may
occur between substrate and bond coat which
remain the grey colour of the substrate after
failure. The adhesive failure occurred in three
different parameters, which was selected based
on the most failure occur in one set of specimens
as shown in Figure 1. While in Fig. 2, adhesive
failure occurs between the coating and adhesive
film, which remain white colour after failure or
between adhesive film and substrate, which
remain the white colour of the adhesive film after
failure. The first one was in the standard
parameter, either Al or B1. The Second one was
obtained by reducing 50% of the powder feed
rate from 10 Ibs/hr to 5 Ibs/hr with a spray
distance of 2 inches for both A3 and B3. This
was the maximum space that was available due to
the limited geometry of the casing. The last was
obtained by reducing the 25% traverse speed of
the gun from 10 mm/s to 7.5 mm/s with the same
spray distance for specimens A4 and B4. In the
meantime, cohesive failure was obtained when
the parameter of the process was reduced power
to 30 kW from 35 kW and increased RPM of the
workpiece to 160 RPM from 60 RPM standard
parameter. From these results, reducing powder
feed rate and traverse speed led to adhesive
failure, while reducing power led to cohesive
failure.

Tensile Test Bond Strength results of Ni-Al
and AIl-Si coating are shown in Figs. 3 and 4,
respectively. Reducing traverse speed from 10
mm/s to 7.5 mm/s and spray distance from 4
inches to 2 inches in both A4 and B4 resulted in
the highest tensile bond strength. The same result
was found during the deposition process powder
feed rate affect the mechanical properties [16].
There was an optimum powder feed rate in a
certain value for a specific type of coating. This
was found clearly in specimen A4, which had the
highest tensile bond strength value. The lower
spray rate tends to be more homogeneous particle
heated and improve bonding. In the meantime,
the deposition rate will be slower. While
reducing power from 35 kW to 30 kW with the
same spray distance, 2 inches, obtained the lower
result. This was related to unmelted and partially

melted particles that were found in the coating
that led to low tensile bond strength [17].

& [
(POBLS)

Figure 1. Failure feature of tensile bond strength Ni-Al
coating specimen (a) A1, (b) A2, (c) A3, (d) A4, (e) A5

Figure 2. Failure feature of tensile bond strength Al-Si
coating specimen (a) B1, (b) B2, (c) B3, (d) B4, (e) B5

Failure modes and tensile bond strength
result indicated modification of spraying
parameter affected to the result of coating
properties. Reducing powder feed rate became a
small amount of particle allowed heat absorbed
almost of each particle and led to the optimum
heating required by each particle.
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Figure 3. Tensile bond strength test result of Ni-Al coating

The other way was by making slower
traverse speeds of the gun to maintain particle
and workpiece heating at the same time. Having
both in the same hot condition led particles and
prepared substrate better mechanically bonded.
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Figure 4. Tensile bond strength of Al-Si Coating

It was supported by the characteristic of Ni-
Al particle that can create an exothermic reaction
during processing, resulting in a quasi-
metallurgical bond with stainless steel substrate.
In Al-Si coating, higher bond strength was
promoted by silicon element with 12% during the
eutectic reaction.

3. 2. Hardness Test Result

Modification of parameter also affected the
hardness properties of both coating, as shown in
Fig. 5 and Fig. 6. In Ni-Al coating, the highest
hardness value was obtained by reducing the
traverse speed of gun from 10 mm/s to 7.5 mm/s
(A4). However, reducing power and keeping the
feed rate higher led to lower hardness results

(A2). The higher amount of heated particle with
lower power led to partially melted particle that
affect to the hardness value [18].
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Figure 5. Hardness test result of Ni-Al coating

The exothermic reaction during spraying
produced self-bonding of the dense and high
structural integrity of Ni-Al coating [18].
Different from Ni-Al, in AIl-Si, coating the
amount of hardness is promoted by the number of
eutectic phases that formed during spraying and
high cooling rate [16]. Lesser spray distance,
high heat input, and lower powder feed rate, a
located particle of powder in the melting state
that was suddenly cooled to ambient temperature,
formed the more possibility to create the eutectic
phase.
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Figure 6. Hardness test result of Al-Si coating

3. 3. Microstructure

Microstructure examinations for Ni-Al and
Al-Si coating were shown in Fig. 7 and Fig. 8,
respectively. Starting from specimen Al which
followed the standard parameter, it has a
moderate density of Ni-Al. A higher density of
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Ni-Al was obtained for A4 from modification of
spray distance and traverse speed of gun.
However, lower density was also obtained for A2
from modification of power output. The degree
of the high density of coating contributed to
mechanical properties as confirmed in the above
result of tensile bond strength and hardness,
where dense coating resulted in high of
mechanical properties [18].

@) (b)

R
e et S S
D Al NS &

- R A

(e)
Figure 7. Microstructure of Ni-Al coating (a) A1, (b) A2, (c)
A3, (d) A4, (e) A5

In another case, the initial Al-Si coating
parameter B1 has a microstructure with the
highest density and a small amount of eutectic
phase. However, many pores were obtained for
B2 with low power input. High density was
mostly affected by heat input as a function of
power. Besides the density, the eutectic phase
was formed through a eutectic reaction during
high solidification. It contributed to mechanical
properties, mainly hardness and tensile bond
strength, as discussed above [16]. It is confirmed
by B4 that it has the highest mechanical
properties.
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Figure 8. The microstructure of Al-Si coating (a) B1, (b) B2,
(c) B3, (d) B4, (e) B5

4. CONCLUSIONS

To increase the mechanical properties and to
improve the microstructure of the coating under a
limited condition where the distance was less
than  guidance requirement, modification
parameter by lowering traverse speed of gun
could be considered to maintain the mechanical
properties and improve the integrity of
microstructure. Lowering traverse speed of gun
showed better coating microstructure for both Ni-
Al with less porosity and Al-Si with denser
microstructure and moderate eutectic phase
formation. This experimental research is useful
for the industry that cannot invest in new
equipment that was developed specifically for a
limited purpose. This research was only focused
on coating under the metal alloys group. Future
work must identify the modification parameter to
other groups, such as carbide, self-fluxing,
abradable, and ceramic coating.
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Abstrak

Pada penelitian ini modifikasi gugus fungsi permukaan nitrogen pada karbon aktif dari limbah akar wangi diteliti
pengaruhnya terhadap pengembangan pori karbon aktif. Sintesis karbon aktif dilakukan dengan cara karbonisasi
hidrotermal LAW (limbah akar wangi) pada suhu 225 °C selama 18 jam dilanjutkan dengan aktivasi menggunakan
tungku tabung dalam atmosfer nitrogen dengan laju 100 mL/menit pada suhu 800 °C selama 2 jam dengan bahan
pengaktivasi K,FeO4. Urea digunakan sebagai sumber nitrogen. Variasi konsentrasi urea yang diteliti adalah 1:0
(AC-0), 1:3 (AC-3) dan 1:5 (AC-5). Hasil yang diperoleh menunjukkan bahwa ketiga karbon aktif ini memiliki
karakteristik mesopori dengan luas permukaan Sger (brunauer emmett teller) terbesar yaitu 552,90 m3g? dan
diameter pori rata-rata 3,43 nm. Keberadaan gugus fungsi nitrogen juga tampak pada analisa FTIR (fourier
transform infrared spectrometer). Berdasarkan hasil analisa SEM-EDX (scanning electron microscope-energy
dispersive x-ray), semakin besar rasio penambahan urea maka unsur N yang terkandung pada karbon aktif semakin
meningkat. Sintesis karbon aktif dari limbah akar wangi dengan penambahan urea merupakan metode terbaru untuk
menghasilkan karbon aktif mesopori yang nantinya dapat digunakan dalam aplikasi elektroda dan Kkatalis
pendukung.

Kata Kunci: Doping nitrogen, urea, limbah akar wangi, karbon aktif

Abstract

This work studied the effect of nitrogen functional group modification on activated carbon synthesized from
vetiver root waste on pores development. Synthesis of activated carbon was carried out by hydrothermal
carbonization of vetiver root waste at a temperature of 225 °C for 18 hours followed by chemical activation using
K2FeO, as an activated agent in a tubular furnace at a temperature of 800 °C for 2 hours with nitrogen atmosphere
flowed at a rate of 100 mL/minute. Urea was used as a nitrogen source. The variation of urea concentration was 1:0
(AC-0), 1:3 (AC-3), and 1:5 (AC-5). The results showed that these activated carbons have mesoporous
characteristics with the largest Sger (brunauer emmett teller) surface area of 552.90 m?gand average pore width
3.43 nm. The presence of the nitrogen functional group was observed in the FTIR (fourier transform infrared
spectrometer) analysis. Based on SEM-EDX (scanning electron microscopy-energy dispersive x-ray) analysis, a
higher amount of urea addition will increase the nitrogen content in activated carbon. Synthesis of activated carbon
from vetiver root waste with an addition of urea is the newest method to produce mesoporous activated carbon for
electrode and support catalyst purposes.

Keywords: Nitrogen doping, urea, vetiver root waste, activated carbon

1. PENDAHULUAN komponen ini berpotensi untuk dimanfaatkan

Pengolahan limbah biomasa menjadi dalam berbagai produk salah satunya adalah
material kaya manfaat masih menjadi problem karbon aktif. Pembuatan karbon aktif dari limbah
dalam masyarakat. Jika dilihat secara umum, biomasa juga dapat menjadi solusi dari
limbah biomasa mengandung lignoselulosa permasalahan lingkungan dan menekan biaya
dengan komponen terbesar yaitu selulosa proses karena sumber bahan baku yang

30-55 Oberat, lignin 25-30 %berat dan berlimpah dan terkadang menjadi limbah.

hemiselulosa 25-30 %berat [1]-[2]. Ketiga
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Limbah akar wangi (vetiveria zizanioides)
sebagai hasil samping dari proses ekstraksi
minyak akar wangi menjadi komoditas berlimpah
di Kabupaten Garut. Luas lahan akar wangi
sebesar 2.341 hektar dengan produktivitas
11-12 ton akar wangi per hektar per tahun.
Komponen minyak akar wangi yang disuling
hanya sekitar 0,4-0,5 %b. Dengan demikian
industri pengolahan minyak akar wangi di
Kabupaten Garut akan menyisakan sekitar 25.622
ton limbah akar wangi setiap tahunnya [3].
Sebagian besar limbah hanya dibiarkan
teronggok di sekitar industri penyulingan dan
belum dimanfaatkan secara maksimal. Selain itu,
kandungan selulosa sebesar 24,51 %berat,
hemiselulosa 33,07  %berat dan lignin
20,09 %berat mendukung potensi akar wangi
untuk diolah menjadi karbon aktif [4]. Oleh
karena itu sintesis limbah akar wangi menjadi
karbon aktif dapat menjadi alternatif pemanfaatan
limbah biomasa ini.

Karbon aktif merupakan material dengan
porositas dan luas permukaan yang besar.
Aplikasi karbon aktif sangat luas seperti
elektroda dalam media penyimpan energi [5]-[6],
adsorben [7]-[8], dan support catalyst [9].
Karakteristik karbon aktif selain luas permukaan
besar, juga didukung oleh gugus fungsi
permukaan. Gugus fungsi permukaan pada
karbon aktif didominasi oleh OFG (oxygenated
functional group) yang berfungsi sebagai daerah
aktif untuk reaksi redoks [10]. Penambahan
heteroatom doping dapat meningkatkan distribusi
elektron yang berdampak positif terhadap nilai
konduktivitas. Modifikasi ini juga berpengaruh
terhadap kemampuan terbasahi (wettability)
karbon aktif [6], [11]. Heteroatom doping yang
dapat ditambahkan dalam karbon aktif antara lain
nitrogen, sulfur, fosfor dan boron [12]-[13].
Modifikasi dapat dilakukan secara self-doping
dimana heteroatom sudah secara alami ada dalam
biomasa mentah, maupun artificial doping yaitu
dengan cara menambahkan bahan kimia selama
proses sintesis.

Sintesis karbon aktif terdiri atas dua tahap
yaitu Kkarbonisasi dan aktivasi. Karbonisasi
hidrotermal  merupakan proses karbonisasi
menggunakan media air pada kondisi subkritik
dengan hasil produk padat yang disebut
hydrochar [14]. Proses dilakukan pada suhu 150-
350 °C dalam reaktor bertekanan untuk menjaga
agar air tetap berada pada fasa cair. Pada kondisi
tersebut, air yang bertindak sebagai pelarut juga
dapat terionisasi menjadi Hs;O" dan menjadi
aktivator asam ataupun basa untuk reaksi
hidrolisis [1], [14]-[15]. Hal ini yang menjadikan
karbonisasi ~ hidrotermal  bersifat ~ ramah

lingkungan karena tidak diperlukan tambahan
aktivator kimia. Karbonisasi hidrotermal juga
cocok untuk biomasa dengan kandungan air yang
tinggi tanpa diperlukan proses pengeringan
terlebih dahulu. Hydrochar yang dihasilkan
memiliki OFG lebih besar jika dibandingkan
dengan biochar, yaitu material karbon padat hasil
pirolisis [15]. Selain itu, temperatur proses yang
lebih rendah daripada proses pirolisis juga dapat
menghemat waktu dan biaya.

Proses aktivasi dilakukan secara kimia
yaitu dengan penggunaan aktivator K3FeOq
(potasium  ferat). Aktivator KyFeOs sudah
digunakan pada proses pembuatan karbon aktif
pada berbagai bahan baku antara lain daun
phoenix [16], black locust [17] dan serbuk
gergaji [18]. Penggunaan aktivator logam ini
dapat meningkatkan derajat grafitisasi dari
karbon aktif sehingga dapat berdampak positif
pada konduktivitas. Menurut Zhou [18], aktivator
KoFeOs  dapat  dapat  berperan  dalam
meningkatkan grafitisasi, memperluas pori dan
menambah daya magnetisasi karbon aktif karena
kandungan senyawa Fe, KOH dan Fe;Os
sehingga hasilnya dapat diaplikasikan sebagai
adsorben. Selain itu, dengan adanya aktivator
logam maka tidak diperlukan suhu aktivasi yang
terlalu tinggi guna mendapatkan karbon aktif [16],
[19].

Fokus penelitian kali ini adalah sintesis
dan  modifikasi ~ karbon  aktif  dengan
menggunakan bahan baku LAW (limbah akar
wangi). Urea ditambahkan sebagai sumber
nitrogen pada proses karbonisasi LAW yang
bertujuan untuk pembentukan gugus fungsi
nitrogen pada hydrochar. Nitrogen atom doping
dengan urea sebagai sumber nitrogen dipilih
karena stabil serta mudah didapat dengan harga
yang relatif murah. Proses dilanjutkan dengan
aktivasi kimia menggunakan aktivator K;FeOa.
Karbon aktif yang dihasilkan dianalisa luas
permukaan, distribusi pori, dan gugus fungsi
permukaan. Sejauh pengamatan yang kami
lakukan pada beberapa literatur, belum ada hasil
penelitian mengenai  sintesis karbon aktif
terdoping nitrogen dari limbah akar wangi
dengan KyFeO, sebagai agen pengaktivasi,
sehingga hasil penelitian ini bisa memberi
kontribusi terhadap ilmu pengetahuan khususnya
sintesis material karbon berbasis limbah
biomassa

2. PROSEDUR PERCOBAAN
2.1 Bahan

LAW (limbah akar wangi) sebagai bahan
baku diperoleh dari daerah Kabupaten Garut,
Jawa Barat. Bahan baku ini dikeringkan dengan
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menggunakan oven pada suhu 110 °C selama 24
jam. Limbah akar wangi kering digiling lalu
diayak menggunakan mesh -10+120 M (£ 1,0625
mm). Selanjutnya bahan baku dianalisa kadar air
dan kadar abu menggunakan TGA (thermal
gravimetry analysis), kandungan ekstraktif
menggunakan metode ekstraksi soxhlet, serta
kandungan lignoselulosa (selulosa, hemiselulosa
dan lignin) awal dengan menggunakan metode
Klason Lignin dan Van Soest [20]. Aktivator
potasium ferat (K2FeO,) diperoleh dari GK Chem
Technology, Cina. Bahan-bahan lain yang
digunakan adalah urea grade teknis sebagai
sumber nitrogen, etanol 96% dan asam klorida
(HCI) sebagai bahan pencuci.

2.2 Sintesis karbon aktif

LAW sebanyak 4 gram diimpregnasi dalam
larutan urea dengan perbandingan LAW:urea
sebanyak 1:3 dan 1:5. Proses impregnasi
dilakukan dengan pengadukan selama 15 menit
dilanjutkan dengan sonikasi selama 30 menit.
Bubur LAW kemudian dimasukkan dalam
reaktor autoklaf untuk dikarbonisasi pada suhu
225 °C selama 18 jam menggunakan oven.
Hydrochar selanjutnya disaring dan dibilas
dengan menggunakan air demineralisasi dan
etanol, lalu dikeringkan dalam oven selama 24
jam pada suhu 105 °C. Sampel hydrochar yang
diperoleh diberi kode sampel HC-3 dan HC-5.
Selain itu dilakukan juga sintesis hydrochar
tanpa doping urea dengan kode HC-0 sebagai
pembanding.

Proses selanjutnya 2 gram hydrochar
diimpregnasi dengan larutan K.FeO4 20% dengan
rasio 1:4 melalui pengadukan secara terus-
menerus selama 24 jam. Sampel dikeringkan
dalam oven selama 24 jam pada suhu 105 °C.
Selanjutnya dilakukan proses aktivasi pada suhu
800 °C selama 2 jam menggunakan tungku
tabung dalam atmosfer nitrogen. Laju alir
nitrogen dijaga konstan pada 100 mL/min.
Karbon aktif yang diperoleh dicuci dengan cara
direndam HCI 1 M selama 24 jam, lalu disaring
dan  dibilas dengan  menggunakan  air
demineralisasi hingga pH netral. Karbon aktif
kemudian dikeringkan dalam oven pada suhu
105 °C selama 24 jam dan diperoleh sampel
AC-0, AC-3 dan AC-5. Sebagai pembanding,
karbon aktif juga disintesis tanpa agen
pengaktivasi menggunakan hydrochar yang
disintesis tanpa doping urea. Sampel ini diberi
kode AC-0OP.

2.3 Karakterisasi Karbon Aktif
Karakterisasi karbon aktif yang diperoleh
meliputi morfologi, kandungan unsur, luas

permukaan, distribusi pori dan gugus fungsi
permukaan. Analisa SEM-EDX (scanning
electron microscope-energy dispersive Xx-ray)
menggunakan SU3500 (Hitachi, Jepang) untuk
mengetahui morfologi dan kandungan unsur dari
karbon aktif, analisa adsorpsi-desorpsi nitrogen
pada suhu 77 K dengan metode BET (brunauer
emmett teller) menggunakan Nova 4200e
(Quantachrome, USA) untuk mengetahui luas
permukaan serta metode BJH (barrett joyner
halenda) untuk penentuan distribusi pori. Analisa
kualitatif gugus fungsi nitrogen dilakukan dengan
instrumen FTIR (fourier transform infrared
spectrometer) IRPrestige21 (Shimadzu, Jepang).

3. HASIL DAN PEMBAHASAN
3. 1. Analisa Lignoselulosa

Pada akar wangi mentah, kandungan lignin
lebih besar jika dibandingkan dengan selulosa
dikarenakan akar wangi merupakan Kkategori
rerumputan sehingga berpotensi untuk diolah
menjadi karbon aktif [4], [21]. Setelah melalui
proses penyulingan, kadar ekstraktif menurun
dari 20,6% menjadi 12,16%, begitu pula dengan
kandungan hemiselulosa (Tabel 1).

Tabel 1. Kandungan akar wangi mentah dan limbah akar
wangi (LAW)

Komposisi Akar wangi mentah? LAW
Kadar air® TDM 52
Kadar abu® 1,67 3,25

Ekstraktifd 20,6 12,16
Lignin® 20,09 37,8
Hemiselulosa’ 33,07 1,05

Selulosa¥ 24,51 43,79

2 Hasil analisis dari Gaspard, S., dkk [4] menggunakan
bahan baku akar wangi yang belum didistilasi.

b Kadar air diperoleh melalui thermal gravimetry analysis
(TGA).

¢Kadar abu diperoleh melalui thermal gravimetry analysis
(TGA).

4 Kandungan ekstraktif ditentukan dengan ekstraksi LAW
metode Soxhlet menggunakan pelarut toluene:etanol
(1:1 viv).

¢ Kandungan lignin ditentukan dengan menggunakan
metode Klason [20].

f Kandungan hemiselulosa dihitung melalui pengurangan
acid detergent fiber terhadap neutral detergent fiber
pada metode Van Soest.

9 Kandungan selulosa dihitung melalui pengurangan
neutral detergent fiber dengan kandungan hemiselulosa
dan lignin.

P Tidak tersedia.

Ekstraktif merupakan zat yang mudah larut
dalam pelarut seperti air, alkohol dan eter,
termasuk di dalamnya adalah minyak, resin,
lemak, lilin, pati, dan zat warna. Penurunan
ekstraktif merupakan dampak dari proses
penyulingan komponen sekuisterpen,
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sekuisterpenol  dan  sekuisterpenon  yang
terkandung dalam minyak akar wangi [22].
Komponen minyak akar wangi ini terletak pada
bagian dalam jaringan akar yang keras sehingga
proses difusi berjalan dengan lambat hingga ke
permukaan. Hal ini diduga menjadi penyebab
kandungan ekstraktif pada limbah akar wangi
masih relatif besar.

Kandungan hemiselulosa juga menurun
drastis sekitar 19%. Proses penyulingan
mempunyai andil dalam penurunan kandungan
hemiselulosa. Penyulingan minyak akar wangi di
daerah Kabupaten Garut, tempat asal bahan baku
LAW (limbah akar wangi), mayoritas masih
menggunakan metode air dan uap (water and
steam distillation) serta beberapa menggunakan
metode uap (steam distillation). Metode water
and steam distillation atau sistem kukus
memanfaatkan uap jenuh  pada  proses
penyulingan selama lebih dari 24 jam sedangkan
steam distillation memanfaatkan uap bertekanan
(2-4 bar) selama 24 jam [22]. Demi menghemat
biaya, proses penyulingan ini dimodifikasi oleh
petani menjadi tekanan 5 bar dalam waktu 15-18
jam. Kenaikan tekanan dan waktu proses diduga
menyebabkan penurunan hemiselulosa yang
signifikan. Seperti diketahui bahwa hemiselulosa
merupakan komponen lignoselulosa yang paling
mudah terdegradasi secara termal [23].

3. 2. Yield Hydrochar

Selama proses karbonisasi hidotermal,
komponen utama lignoselulosa yaitu selulosa,
hemiselulosa dan lignin akan mengalami
beberapa reaksi seperti hidrolisis, dehidrasi,
polimerisasi dan kondensasi yang diaktivatori
oleh ion hidronium sebagai hasil autoaktivatoris
air [24].

Selulosa akan terhidrolisis membentuk
beberapa oligomer serta monomer glukosa dan
fruktosa. Dekomposisi dari monomer tersebut
akan menghasilkan asam-asam organik seperti
asam asetat, asam laktat, asam levulenat dan
asam format. Oligomer juga terhidrolisis
membentuk monomer disertai reaksi dehidrasi
dan fragmentasi yang akan menghasilkan produk-
produk larut air misalnya 1,6-anhidroglukosa,
eritrosa, senyawa furfural termasuk HMF
(hidroksi metil furfural). Dekomposisi senyawa
furfural juga menghasilkan senyawa asam,
aldehid dan fenol. Reaksi selanjutnya adalah
polimerisasi atau kondensasi yang akan
menghasilkan polimer larut air. Reaksi ini
disebabkan oleh dehidrasi intermolekular atau
kondensasi aldol. Ketika konsentrasi senyawa
aromatik sudah melebihi titik supersaturasi maka
akan terbentuk inti kristal yang terus berkembang

dan berikatan dengan gugus fungsi oksigen
(hidroksil, karbonil, karboksilat). Permukaan
hydrochar akan dipenuhi dengan gugus fungsi
oksigen yang reaktif dibandingkan dengan gugus
fungsi oksigen di dalam inti hydochar [14] .

Pembentukan hydrochar dari hemiselulosa
dimulai dari pelarutan hemiselulosa pada suhu
180 °C selama proses karbonisasi. Xylan yang
merupakan ~ komponen  dari  polimerisasi
hemiselulosa akan terhidrolisis membentuk D-
xilosa dan selanjutnya terdekomposisi menjadi
furfural. Senyawa ini akan mengalami
polimerisasi membentuk hydrochar. Di sisi lain,
pembentukan hydrochar dari lignin terjadi
melalui 2 mekanisme, yaitu fraksi lignin terlarut
dan tidak terlarut. Fraksi lignin yang tidak
terlarut akan mengalami reaksi pembentukan
hydrochar yang lebih cepat dibandingkan fraksi
terlarut. Pada fraksi terlarut terjadi reaksi
repolimerisasi antar fragmen sehingga terbentuk
hydrochar [15].

Di sisi lain, urea akan terdekomposisi
membentuk karbon dioksida dan amonia menurut
reaksi berikut :

2NH3 + CO;, + H,0 < NH4" + HCO3 + NH3 (1)
NH4* + HCOs™ + NH3 < 2NH;* + COs* (2

NH3/NH* hasil degradasi urea mempunyai dua
peranan yaitu sebagai reaktan organik yang
mengandung  nitrogen  serta  berkontribusi
terhadap pH larutan yang nantinya akan
memberikan efek terhadap beberapa reaksi secara
tidak langsung.

Degradasi glukosa dan fruktosa sebagai
penyusun utama selulosa dan hemiselulosa
dipengaruhi oleh aktivator asam dan basa. Pada
kondisi asam, reaksi hidrolisis dan dehidrasi lebih
dominan dimana fruktosa akan membentuk HMF
dan terhidrasi membentuk asam levulenat dan
asam format. Sebaliknya, jika kondisi basa maka
akan terjadi reaksi fragmentasi membentuk
gliseraldehid, glikolaldehid, eritros,
dihidroksiaseton dan piruvaldehid [25]. Urea
yang cenderung bersifat basa mendominasi reaksi
fragmentasi sehingga menurunkan pembentukan
hydrochar. Selain itu, gugus amina pada urea
akan bereaksi dengan gula pereduksi sehingga
terjadi  reaksi Maillard. Reaksi Maillard
menghasilkan polimer dan kopolimer nitrogen
seperti  melanoid. Peningkatan pH akan
mendorong pembentukan senyawa ini sehingga
dengan adanya gugus amina pada proses
karbonisasi  hidrotermal dapat menghambat
pembentukan hydrochar dan menurunkan yield.
Yield dihitung menggunakan rumus sebagai
berikut
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My¢
> x 100% 1)

TAW

Yield hydrochar =

Yield karbon aktif = I\TAX 100% (2

T.AW

Dimana Mpuc adalah massa hydrochar
(gram), M_aw adalah massa limbah akar wangi
(gram) dan Mac adalah massa karbon aktif
(gram).

Sampel HC-5 memiliki yield paling kecil
jika dibandingkan dengan HC-3 dan HC-O.
Dalam hal ini, semakin besar konsentrasi urea
yang digunakan maka semakin rendah vyield
hydrochar yang diperoleh sebagaimana tersaji
pada Tabel 2.

Tabel 2. Yield hydrochar dan karbon aktif dari limbah akar
wangi

Kode Sampel Yield (%)
HC-0 49,56
HC-3 49,06
HC-5 45,42
AC-0 21,59
AC-3 21,46
AC-5 20,74

AC-0P 28,30

Pada sampel karbon aktif, yield sampel
AC-OP lebih besar jika dibandingkan dengan
karbon aktif lainnya karena aktivator K:FeOs
dapat terdegradasi membentuk KOH menurut
reaksi:

4K,FeOy + 10H,0 — 8KOH + 4Fe(OH)s| + 3021 (3)

Senyawa KOH yang terbentuk merupakan
aktivator reaksi oksidasi. Sehingga yield karbon
aktif dengan aktivator lebih rendah jika
dibandingkan tanpa aktivator.

3. 3. Gugus Fungsi Permukaan

Karbonisasi hidrotermal juga memberikan
efek perubahan struktur kimia dari LAW dan
hydrochar yang dihasilkan, seperti terlihat dalam
hasil analisa FTIR (Gambar 1). Spektrum FTIR
(fourier transform infrared spectrometer) LAW
berbeda dengan HC-3 dan HC-5 vyang
menandakan adanya peregangan beberapa ikatan
kimia akibat reaksi aromatisasi dan heteroatom
doping. Gugus fungsi oksigen terlihat pada ikatan
O-H, C=0 dan C-O sedangkan gugus fungsi
nitrogen terlihat pada ikatan N-H dan C-N.
Penambahan doping nitrogen dapat berdampak
positif pada kemampuan terbasahi (wettability)
dari karbon aktif serta peningkatan sifat
elektrokimia pada aplikasi elektroda media
penyimpan energi [26].

Intensitas ikatan O-H pada HC-0, HC-3 dan
HC-5 terlihat menurun jika dibandingkan dengan
LAW karena adanya reaksi dehidrasi, selain itu
intensitas C-O dan C-H juga menurun karena
reaksi dekarboksilasi [14]. Pada saat karbonisasi
hidrotermal juga terjadi reaksi aromatisasi yang
terlihat dari keberadaan ikatan C=C pada sampel
HC-0, HC-3 dan HC-5. Peregangan ikatan C-N
terjadi pada 1270 cm™ kemudian ikatan N-H dan
atau O-H terjadi pada 3200-3400 cm™ [14], [27]-
[28]. Hal ini menunjukan adanya reaksi antara
gugus fungsi nitrogen dalam urea dengan gugus
fungsi oksigen yang terkandung dalam LAW
selama proses karbonisasi. Senyawa antara dari
reaksi tersebut adalah 1-deoksi-2-amino-1-ketosa
yang selanjutnya dapat mengalami dehidrasi dan
deaminasi menghasilkan gugus fungsi N pada
karbon yaitu C-N dan atau N-H [29].
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Gambar 1. Analisa FTIR karbon aktif LAW, HC-0, HC-3

dan HC-5
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Gambar 2. Analisa FTIR karbon aktif AC-0, AC-3, AC-5
dan AC-0P

Setelah diaktivasi dengan menggunakan
aktivator K,FeQy, terlihat bahwa intensitas ikatan
C-O dan atau ikatan C-N (1000-1300 cm™) pada
AC-5 meningkat jika dibandingkan dengan AC-3
dan ACO [27]. Peningkatan juga terlihat pada
ikatan C=C sampel AC-5. Sebaliknya, intensitas
O-H dan atau ikatan N-H (3000-3400 cm™) pada
sampel AC-5 mengalami penurunan jika
dibandingkan dengan sampel AC-3 dan AC-0.
Hasil analisa FTIR karbon aktif dapat dilihat
pada Gambar 2.
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3. 4. Morfologi dan Komposisi Unsur
Morfologi dan komposisi unsur karbon aktif
dianalisa menggunakan SEM-EDX (scanning
electron microscope-energy dispersive x-ray).
Pada Gambar 3 terlihat bahwa morfologi semua
sampel karbon aktif mirip dengan LAW.
Struktur LAW lebih tidak berpori (Gambar 3(a)-
3(b) jika dibandingkan dengan karbon aktif
(Gambar 3(c)-3(f)). Sampel AC-0P, AC-0, AC-3
dan AC-5 mempunyai struktur pori yang seragam
dengan perbedaan ada pada volume pori.
Pengecilan struktur pori menjadi lebih kecil
terjadi pada sampel AC-3 (Gambar 3(e)) yang
nantinya akan berpengaruh terhadap peningkatan
luas permukaan. Pada rasio doping nitrogen
terbesar yaitu sampel AC-5 (Gambar 3(f)) terlihat
beberapa pori mulai tertutup. Hal ini ditegaskan

dalam tren hasil analisa luas permukaan (Tabel 5).

T

Gambar 3. Analisa SEM karbon aktif (a)-(b) LAW, (c) AC-
0P, (d) AC-0, (e) AC-3 dan (f) AC-5

Penambahan urea dengan berbagai rasio
berpengaruh terhadap kandungan unsur N yang
ada pada karbon aktif. Tabel 3 menyajikan hasil
analisa kandungan unsur dengan menggunakan
SEM-EDX. Sampel AC-5 dengan rasio urea
terbesar mempunyai kandungan N paling tinggi
jika dibandingkan dengan ketiga sampel lainnya.
Hal ini juga menegaskan hasil analisa kualitatif
FTIR (Gambar 2) yaitu peningkatan intensitas
ikatan C-N seiring dengan penambahan rasio
urea yang digunakan.

Tabel 3. Komposisi unsur karbon aktif dari limbah akar
wangi

Kode Komposisi Unsur (%berat)
Sampel
C N o] S
AC-0 85,84 0,02 10,39 3,75
AC-3 83,75 2,86 10,99 2,4
AC-5 83,66 3,73 10,25 2,36
AC—-OP 88,96 0,83 9,07 1,14

3. 5. Luas Permukaan dan Distribusi Pori

Untuk mendukung pembahasan lebih lanjut
mengenai pori dan luas permukaan karbon aktif,
dilakukan analisa dengan metode BET (brunauer
emmett teller) yang memanfaatkan proses
adsorpsi desorpsi nitrogen pada suhu 77 K.
Proses fisiosorpsi nitrogen ke dalam pori-pori
karbon aktif dapat digunakan untuk mengetahui
luas permukaan, volume pori dan distribusi
ukuran pori yang diolah lebih lanjut dengan
metode BJH (barrett joyner halenda).

Karbon aktif yang dihasilkan dominan
memiliki struktur mesopori yang dibuktikan
dengan grafik isothermal adsorpsi-desorpsi
nitrogen. Jika dilihat pada Gambar 4. Karbon
aktif AC-0, AC-3 dan AC-5 menunjukkan kurva
isothermal tipe IV sesuai dengan Klasifikasi
IUPAC dengan adanya histeresis pada nilai P/Po
yaitu 0,4-0,9. Sedangkan sampel AC-0OP
menunjukan kurva isothermal type | yang
menunjukkan dominasi mikropori [30].

Volume Adsorpsi Desorpsi (cm39'1, STP)

o

T T T T T A T A T T T T T
01 02 03 04 05 06 07 08 09 10
PIP,

Gambar 4. Grafik isotermal adsorpsi desorpsi N2 sampel
AC-0, AC-3, AC-5 dan AC-0P

Peningkatan luas permukaan karbon aktif
terhadap hydrochar (Tabel 4 dan 5) menunjukan
bahwa aktivator bekerja dengan baik, Luas
permukaan hydrochar sangat kecil karena pada
proses karbonisasi hidrotermal belum terbentuk
banyak pori.
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Tabel 4. Karakteristik fisik dari hydrochar limbah akar
wangi

Kode Sampel
Karakteristik
HC-0 HC-3 HC-5
Sger (M?4g™) 27,08 116,62 112,64

Ukuran partikel (nm)

Diameter pori
rata-rata (nm)

221,58 51,45 53,27
17,66 10,54 10,96

Volume Pori (cm3g™) 0,1195  0,3075  0,3088
Volume Mikropori (%) 0,83 0,41 0,91
Volume Mesopori (%) 99,17 99,59 99,09

Berbeda dengan hydrochar, penggunaan
aktivator KyFeO, berdampak positif pada
peningkatan luas permukaan. Jika dilihat, AC-OP
hanya memiliki luas permukaan 212,36 m?g?
dengan volume pori 0,1918 cm®gL. Nilai ini jauh
lebih kecil jika dibandingkan dengan AC-0, AC-3
dan AC-5 sebesar 489,22 m?g*; 552,90 m?g? dan
463,68 m?gl. Selama proses aktivasi dengan
K2FeQ,, bahan ini akan bereaksi dengan atom C
sesuai dengan reaksi sebagai berikut:

K,FeO,; — Fe,03 + 2K,0 (4)
K0+ C — 2K + CO (5)
Fe,03 + 3CO — 2Fe + 3CO, (6)

Tabel 5. Karakteristik fisik dari karbon aktif limbah akar
wangi

Kode Sampel

Karakteristik

AC-0 AC-3 AC-5 AC-0P
Seer(m2gl) 489,22 5529 46368 212,36
Ukuran partikel -, »¢ 10,85 12,94 28,25
(nm)
Diameter pori 5 75 3,43 4,12 3,61
rata-rata (nm)
VolumePori 4 456y 04737 0478 0,1918
(CTT: g
Volume
Mikopori (%) 3 416 3266 4341
Volume 68,4 587 67,34 56,59

Mesopori (%)

Dari keempat karbon aktif, AC-3 memiliki
luas permukaan terbesar yaitu sebesar 552,90
m?g?! dengan volume pori 0,4730 cmig™.
Penambahan luas permukaan terjadi karena
semakin banyak K-O yang bereaksi dengan atom
C sehingga menghasilkan gas CO dan CO; yang
nantinya akan menguap dan membentuk struktur
pori. Peningkatan luas area ini juga dikarenakan
meningkatnya pembentukan mikropori. Namun
ketika variasi nitrogen diperbesar justru terjadi
penurunan luas permukaan seperti terlihat pada
AC-5 yang hanya mempunyai luas sebesar
463,48 m?gl. Hal ini diduga karena semakin
banyak nitrogen yang ditambahkan maka akan

menghambat pembentukan  mikropori  [31].
Penurunan luas permukaan pada HC-5 dan AC-5
dimungkinkan karena urea yang dipergunakan
berlebih, sehingga dimungkinkan nitrogen yang
terdoping menyumbat pori-pori yang terbentuk.
Hal ini terjadi pula pada penelitian Sun, L., dkk
[32].

Data grafik distribusi pori dengan metode
BJH (barrett joyner halenda) tersaji dalam
Gambar 5. Ukuran pori pada karbon aktif terdiri
atas 3 jenis yaitu mikropori (< 2nm), mesopori
(2-50 nm) dan makropori (>50 nm). Hydrochar
dengan dominasi makropori berukuran 50-221
nm sedangkan karbon aktif dengan ukuran
mesopori 1,5-11 nm. Makropori dengan ukuran
paling besar tidak berdampak langsung terhadap
luas permukaan karbon aktif. Pori jenis ini hanya
sebagai tempat penampungan ion/adsorben. Lain
halnya dengan mesopori. Ukuran pori yang
sedang ini berfungsi sebagai akses dan jalur ion
atau adsorben untuk bergerak ke daerah aktif.
Mikropori  dengan ukuran paling kecil
mempunyai dampak langsung terhadap luas
permukaan karbon aktif. Namun Kkarena
ukurannya yang kecil, mikropori mudah tertutup
oleh molekul besar.

0,008
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0,007

0,006

0,005+

dv,jdD,

0,004
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Diameter Pori (nm)

Gambar 5. Grafik distribusi pori sampel AC-0, AC-3, AC-5
dan AC-0P

Karbon aktif yang diaktivasi dengan K;FeO,
mempunyai  distribusi  dominan  mesopori.
Beberapa  penelitian  menunjukan  bahwa
pembentukan mesopori pada karbon aktif dapat
diaplikasikan sebagai elektroda dalam media
penyimpan energi maupun sebagai support
katalis.  Borisov, dkk., [9] meneliti tentang
sibunit carbon support pada reaksi dekomposisi
ammonia dengan katalis ruthenium. Keberadaan
mesopore  pada sibunit carbon  support
membantu proses pelepasan katalis sehingga
reaksi berjalan lebih baik. Pada aplikasi elektroda,
mesopori memfasilitasi pergerakan ion dengan
cepat sehingga dapat meningkatkan rate
capability. Hal ini ditemukan dalam penelitian
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Hou, dkk., [17] yang mensitesis karbon aktif dari
biji black locust dan mengaplikasikan sebagai
elektroda pada superkapasitor.

4. KESIMPULAN

Konversi limbah akar wangi menjadi karbon
aktif dapat menjadi solusi alternatif dalam
pengolahan limbah yang selama ini belum
dimanfaatkan secara maksimal. Kandungan
lignoselulosa yang tinggi mendukung potensi
limbah akar wangi untuk disintesis menjadi
karbon aktif dengan banyak bidang aplikasi.

Modifikasi heteroatom doping dilakukan
dengan menambahkan urea pada saat karbonisasi
hidrotermal dalam berbagai rasio (1:0, 1:3, 1:5).
Penggunaan urea sebagai sumber atom nitrogen
saat pross karbonisasi hidrotermal dan aktivator
Ko,FeOs berhasil mendapatkan karbon aktif
dengan  karakteristik mesopori dan luas
permukaan yang cukup besar. Penambahan urea
yang berlebih menyebabkan penurunan vyield
hydrochar. Begitu pula dengan yield karbon aktif
yang semakin menurun seiring peningkatan
kandungan nitrogen doping dalam hydrochar.
Perbandingan rasio urea terhadap luas permukaan
yang optimal ada pada rasio 1:3 (AC-3) dengan
Sger sebesar 552,90 m?g? dengan volume pori
0,4737 cm3g? dan diameter pori rata-rata 3,43
nm. Gugus fungsi nitrogen terlihat pada hasil
analisa FTIR baik bahan baku, hydrochar
maupun karbon aktif, dimana intensitas semakin
tinggi seiring peningkatan rasio urea Yyang
digunakan. Ke depannya, karbon aktif dengan
ukuran mesopori bisa dijajaki untuk aplikasi
elektroda dalam media penyimpan energi
maupun sebagai support catalyst.
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Abstrak

Paduan aluminum AIl-Mg-Si (6xxx) telah banyak digunakan sebagai material struktural untuk bangunan dan
kendaraan bermotor karena memiliki kekuatan mekanik dan ketahan korosi yang baik. Proses ECAP (equal channel
angular pressing) merupakan metode yang paling menjanjikan dengan mengaplikasikan deformasi plastis yang
memproduksi material utuh dengan butir yang halus tanpa porositas sisa. Penelitian ini mempelajari tentang
pengaruh jumlah pass pada proses ECAP terhadap kekerasan, struktur mikro, dan perilaku korosi pada paduan
aluminum 6061. Material paduan terlebih dahulu dilakukan proses aniling di dalam tungku dengan lingkungan gas
argon pada T =530 °C selama 4 jam kemudian dicelupkan pada nitrogen cair selama 5 menit sebelum proses ECAP.
Proses ECAP dilakukan melalui rute Bc dengan cetakan yang memiliki lubang dalam bersudut 120° dan variasi pass
dari 1, 2, 3, dan 4. Kekerasan optimal yang diperoleh yaitu 107,58 HB pada paduan Al 6061 dengan 3 pass ECAP.
Peningkatan jumlah pass pada ECAP menyebabkan adanya pengurangan ukuran butir dari ukuran 10 um pada
paduan hasil aniling menjadi ukuran 2,5 um pada paduan dengan 4 pass. Ketahanan korosi meningkat seiring
dengan peningkatan jumlah ECAP pass.

Kata Kunci: Paduan Al-Mg-Si, ECAP, kriogenik, struktur mikro, ketahanan korosi

Abstract

Al-Mg-Si alloys (6xxx) have been widely used as structural materials in buildings and vehicles because of their
excellent strength and corrosion resistance. ECAP (equal channel angular pressing) is the most promising method
to apply SPD (severe plastic deformation), producing ultra-fine grain in the bulk material without residual
porosity. This study presents some experiments results on the effect of ECAP number of passes variation on the
hardness, microstructure, and corrosion behavior of Al 6061 alloys. The alloy was annealed in the furnace with an
argon gas environment at 530°C for 4 hours and then immersed in liquid nitrogen for 5 minutes before the ECAP
process. The ECAP process was carried out via the Bc route, with dies with an internal channel angle of 120° and
pass variations of 1, 2, 3, and 4. The optimum hardness was 107.58 HB in Al 6061 alloy with three passes of ECAP.
The increasing ECAP number of passes leads to a significant grain size reduction from the 0-way pass; the grain
size was around 10 pm, while for a 4-way pass, the grain size was around 2.5 um. The corrosion resistance of Al
6061 alloys increased with the increasing number of passes in the ECAP process.

Keywords: Al-Mg-Si alloys, ECAP, cryogenic, hardness, microstructure, corrosion resistance

1. INTRODUCTION and vehicles, such as vessels, engine blocks, and

Aluminum alloys are widely used due to pistons, because of their excellent strength and
increasing demand for improving construction corrosion resistance [2]. The_lmproved fme-gr_am
and automotive performance using lightweight microstructure, which can increase mechanical
materials [1]. The 6xxx series Al-Mg-Si alloys and physical properties, has become an exciting
are heat treatable and maintain high mechanical field in recent research [3]. The combination of
properties. Al-Mg-Si alloys (6xxx) have been nanostructured and sub-micrometer materials will
widely used as structural materials in buildings produce high performances because of their small
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grain size [4]. The deformation process to
refining the microstructure of Al 6061 (6061
aluminum alloys) has effectively improved
physical-mechanical properties such as ductility,
strength, toughness, strain, elongation, and
corrosion resistance [5].

Equal channel angular press is the most
promising method to apply severe plastic
deformation (SPD), producing ultra-fine grain in
the bulk material without residual porosity [6].
The large bulk sizes of ECAP processing
materials become an advantage to obtain nano
and ultra-fine structured mechanical parts and
offer the opportunity to scale up the process to an
industrial level [7]. The ECAP process utilized a
sample that pressed through a die with two
intersecting channels equal in the cross-section.
The ECAP process uses shear force to deform the
materials through the intersection of the angular
channels [8]. The other advantage of the ECAP
process is that the sample holds a similar cross-
sectional area after pressing so that it is feasible
to repeat the pressing a few times [9]. The
improved material properties are the result of the
ECAP process, which is dependent on the
geometry of the channels and the number of
passes. [10]. Furthermore, some parameters such
as die geometry and channel angle of ECAP can
influence the induced equivalent plastic strain,
which improves mechanical properties in the
materials [11].

Aluminum alloys are well known for their
high corrosion resistance because of their oxide
film in the atmospheric environment [12].
Uniform, localized and pitting corrosions are the
most common corrosion founded in aluminum
alloys with a halide ion environment. Recently,
the effect of grain refinement on the hardness and
corrosion properties has attracted much attention.
Some researchers revealed that decreasing grain
size using ECAP could increase the corrosion
resistance of Al-Mg and pure Mg alloys [13]. It
also reported that the decreasing hardness
properties resulted from the increasing number of
ECAP passes [14]. In this paper, the effect of
ECAP number of the pass in the cryogenic
environment has been investigated on hardness,
microstructure, and corrosion properties of Al
6061.

2. MATERIALS AND METHODS

The element percentage in the Al 6061 was
determined using OES (optical emission
spectroscopy) on a commercial billet of 6061
aluminum alloys. For the ECAP process, the Al
6061 billets were machined into cylindrical
specimens with dimensions of 65 mm length and

13.55 diameters. Figure 1 showed the flow
diagram of the ECAP (equal channel angular
pressing) process and the characterization after
the ECAP process. Before the ECAP process, the
samples were annealed in an argon gas
environment for 4 hours at 530 °C to homogenize
the microstructure and remove internal stress [15].
The samples were immersed in liquid nitrogen
for 5 minutes before the ECAP process to obtain
the cryogenic temperature in the samples. The
immersion of samples in liquid nitrogen was
done before the addition of the ECAP pass. The
immersion of sample in liquid nitrogen was done
in every each ECAP pass addition.

Aluminum alloys 6061

OES characterization

v

Cylindrical sample
preparation

v

Annealing process

.

Immerse sample in liquid nitrogen
before and after each pass of ECAP
process

v

ECAP process with 4
variation of pass

I
2 v v

Hardness test Corrosion test

Optical Microscope

Figure 1. The flow diagram of ECAP process and
characterization

After the nitrogen immersion of the sample,
the ECAP process was done using the Bc route
using 120° of internal channel angle with pass
variations of 1, 2, 3, and 4. The Bc deformation
was done by rotating the sample orientation of
90° before each new ECAP pass. After the ECAP
process was done, the hardness properties were
characterized using a hardness test, and the
microstructure of the ECAP-processed sample
was also evaluated using an optical microscope.
The corrosion properties such as open circuit
potential and  Tafel polarization  were
characterized using CMS (corrosion
measurement system). The morphology of
corrosion products was also investigated using an
optical microscope.

The hardness test was held using Hardness
Brinnel in 5 varied points and the values obtained
are averaged to obtain the hardness number. The
hardness test was done on annealed samples and
ECAP-processed samples. The ECAP-processed
pieces were cut along their longitudinal cross-
section, ground, polished, and etched using
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Poulton’s reagent. After that, the samples were
characterized using an optical microscope to
analyze the microstructure which has been
formed.

The corrosion testing of Al 6061 samples
was held using a 3-electrode flat corrosion cell in
a 3.5% NaCl with Gamry Reference potentiostat.
The platinum electrode was utilized as the
counter electrode, the saturated calomel (SCE)
was used as the reference electrode, and the Al
6061 sample was used as the working electrode.
The samples were wet ground using 240, 600,
800, 1000, 1200 SiC abrasive paper followed by
degreasing with distilled water and acetone and
then blow-dried with compressed air. The OCP
characterization was done by immersed the
sample in the NaCl solution in 1 hour. Tafel
polarization was then investigated against the
OCP at a scan rate of 0.6 m/s.

3. RESULTS AND DISCUSSIONS
3. 1. Chemical Composition Characterization
Optical emission spectroscopy was done to
characterize the percentage of elements contained
in the samples. Table 1 presents the chemical
composition of 6061 aluminum alloys which are
characterized using OES (optical emission
spectroscopy).

Tabel 1. Chemical composition of comercial 6061 aluminum
alloys (wt.%)

Si Fe Cu Mn Mg Zn Ti
0.643 0.497 0.227 0.106 0.871 0.039 0.01
Cr Ni Pb Sn V Cd Al

0.085 0,01 0.002  0.002 0.06 001 Bal

The dominants of alloying elements are Mg
with 0.871 wt.% value and Si with 0.643 wt.%.
Other alloying elements such as Fe, Cu, and Mn
are detected in this alloy.

3. 2. Hardness Test

The hardness test was utilized to investigate
the effect of number pass on hardness properties
of the Al 6061 alloy. Figure 2 presents the
hardness of the ECAP (equal channel angular
pressing) processed of the alloy under different
variations of passes.

The ECAP process increases the hardness
number of Al 6061 alloy, and it is also noted that
further hardness number improvement is
proportional to the number of passes increased. It
can be concluded that the improvement in
hardness number is caused by grain refinement
concerning the standard of the Hall-Petch
relationship predicts that the yield strength would
increase as grain size decreases [16].

120 -

100 /

80 4

Hardness (HB)

60 —

40 T T T T T 1
-1 0 1 2 3 4 5

ECAP Pass (pass)

Figure 2. Hardness characteristics of the Al 6061 alloy under
different processing conditions

Besides that, the strengthening mechanism
such as fragmentation and homogeneous
distribution of precipitates and the high number
of dislocation density also could improve
hardness number. Figure 2 depicts the hardness
characteristics of the examined alloys under
various processing settings. The hardness of the
annealed Al 6061 alloy was 48.6 HB and
increased to 107.58 HB in 3 passes number of
ECAP. The ECAP processed alloy improves
grain refinement and the number of dislocation
networks at grain boundaries and within grains
significantly.

Furthermore, the presence of smaller
strengthening phase particles within the matrix of
the ECAP processed alloy creates barriers to
unrestricted dislocation migration inside the
matrix. Slip or dislocation movement occurs
across these grain boundaries, and it can also aid
in the cross slip of screw dislocations obstructed
by precipitates or dislocation locks during plastic
deformation [17]. Dislocation changes direction
as it passes from one grain to the next because
the grain borders of polycrystalline grains have
different crystallographic orientations.
Dislocation entanglement occurs because of such
variations in dislocation direction, preventing
dislocation mobility. The increases hardness of
materials by strain hardening due to mutual
restriction of dislocation glide on the intersecting
system [18].

Figure 3 reveals that optical microscope
results showing the grain structure after ECAP
processing. The shear strain affects their
dislocation density and realignment to produce
new cells and grains. The effect of cryogenic
treatment caused a higher density of dislocation
in the grain and cell interiors. The increasing
ECAP number of passes leads to a significant
grain size reduction to the sub-micrometer scale
of 1-2um. It can be seen in the sample with four
passes in Figure 2€ had a smaller grain size than
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the sample with a smaller number of passes in the
ECAP process. The microstructure of the ECAP
processed sample consists of elongated and
rounded grain shapes surrounded by dislocation
walls. The effect of ECAP pass number in
cryogenic treatment could increase dislocation
density inside cells and grain. In other words, the
sample with four passes of ECAP has more
dislocation density than the sample with a smaller
number of passes and annealed sample. The
dislocation movements are also affected by low-
temperature pressing. The Al 6061 with four
passes of ECAP had much free dislocation of
grain because of dislocation deposition in cell
and grain boundaries. Slip bands are formed as
the result of the high strain caused during ECAP
processing. Their grain sizes also fall
dramatically; for a 0-way pass, the grain size is
around 10 pm, while for four-way passes, the
grain size is approximately 2.5 um. There was
also a high distribution of precipitates that
segregated along grain boundaries. The
fragmentation of these precipitates during ECAP
processing could explain the rise in precipitates.
Furthermore, the shattered precipitates were
sheared into multiple pieces, which prevented
growth [19]. At the interface between the
particles and the matrix, there is no sign of
deformation. According to the literature,
significant  dislocation density and lattice
misorientation can develop during particle
deformation, resulting in  inhomogeneous
deformation and grain size discrepancies in the
particle's immediate surroundings [20].

3. 3. Open Circuit Potential Measurement

Two electrochemical techniques, such as
OCP and Tafel polarization, are used to
investigate the corrosion behavior of Al 6061
after ECAP is processed. Figure 4 represents the
open circuit potential that studied the passive
film’s characteristic on the surface of Al 6061.
All ECAP-deformed Al 6061 alloys have a
higher free corrosion potential than annealed Al
6061. This phenomenon explained that the
increasing ECAP number of passes could
improve the oxide film on the surface, decreasing
electrochemical reactions. It can be seen from
Figure 4 that there is some fluctuation in the
potential time curve in all samples, which reflects
dissolution and repassivation events, which are
connected to the activity of different impurities
contained in the samples.

Open circuit potential is an important
variable to understand the corrosion resistance of
materials. The higher value of free corrosion
potential indicated the difficulty of material to

corrode [21]. According to Table 2, the free
corrosion potential value of Al 6061 with four
passes has the highest value of all samples. This
result indicates that Al 6061 with four passes of
ECAP was the noblest of all samples.

Open Circuit Potential

-600,0 mV

-800,0 mV

-1,000 V

VI (V vs. Ret)

@ CURVE (annealed sample. DTA)
® CURVE (1-pass nitrogen.DTA)
© CURVE (2-pass nitrogen DTA)
® CURVE (3-pass nitrogen DTA)
® CURVE (4-pass nitrogen DTA)
1200V

-1.400 V
0,000s 1,000 ks 2,000 ks 3,000 ks

T(s)
Figure 4. Potential time curve of annealed and ECAP
processed Al 6061 with the variation of passes in 3.5% NaCl
solution

Table 2. Free corrosion potential for 1 hour of Al 6061 alloy

. Eoc
Sample \(/r:]n\'/r)] V(T/‘;X (mV vs
SCE)
As-annealed -733.4 -1140 -733.4
1-pass nitrogen -733.5 -1380 -733.5
2-passes nitrogen -728.9 -1269 -728.9
3-passes nitrogen -721.7 -1284 -727.7
4-passes nitrogen -725.4 1170 -7125.4

Tafel Scan
-400,0 mvV

® CURVE (1 pass nitrogen.DTA)
® CURVE (2 pass nitrogen.DTA)

-600,0 mV ® CURVE (3 pass nitrogen DTA)
® CURVE (4 pass nitrogen.DTA)
© CURVE (annealed sample.DTA)

VE (V vs. Ref.)

-800,0 mvV

-1,000 vV
10,00n 1000n 1,000 p 10,00 4 1000 p 1,000 m 10,00 m 1000m

| (AVem?)
Figure 5. Tafel polarization curve of as-annealed and ECAP
processed Al 6061 in 3.5% NaCl solution

Table 3. Electrochemical parameters obtained from Tafel
polarization of annealed and ECAP processed Al 6061
alloys

sample Ecorr Icorr Corr rate
(mv)  (pAcm?) (mmpy)

As-annealed -730.9 4.05 133.3e-3
1-pass nitrogen -729.4 3.60 118.6e-3
2-passes nitrogen  -732.6 1.52 50.17e-3
3-passes nitrogen  -725.6 1.38 45.43e-3
4-passes nitrogen  -726.4 0.005 16.04e-3
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3. 4. Tafel Polarization

Tafel polarization curves of the annealed
and ECAP processed alloy are shown in Figure 5.
The alloy was immersed in 3.5% NaCl solution
for 1 hour to obtain their stable OCP values.

It can be observed from Fig. 5 that the
cathodic current density slope shifted left with
the increased ECAP number of passes. Table 3
also shows that the corrosion potential (\Vcorr) of
the annealed alloy decreased from -730.9 mV to -
726.4 mV after four passes. The corrosion rate
also decreased with the increased ECAP number

T

At

of passes from 133.3e-3 mmpy of annealed alloy
to 16.04e-3 mmpy after four passes. The effect of
grain refinement is caused by the increase in the
ECAP number of passes, which affects a more
uniform corrosion attack and lower corrosion rate
[22]. The Tafel slope in the anodic curve of Al
6061 decreased with the higher number of passes
in the ECAP process. This phenomenon explains
that the ECAP number of passes has a noticeable
effect on the anodic reaction.

Figure 3. The optical microscope results of Al 6061 alloys with the variation of (a). As-annealed, (b). 1-pass ECAP, (c) 2-pass
ECAP, (d) 3-pass ECAP and (e). 4-pass ECAP
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Figure 4 shows the optical microscope of
corroded alloy in 3.5% NaCl solution. It can be
observed that the high amount of corrosion
attacks on the surface of the as-annealed alloy
after the Tafel polarization test in 3.5% NaCl
solution. The ECAP-processed of Al 6061 alloys
exhibit lower localized corrosion than the as-
annealed Al 6061. The ECAP processed samples
of Al 6061 alloys after the Tafel polarization test
illustrates less localized corrosion on the surface
of alloy with three and four passes in Figs. 4(d)
and 4(e). This phenomenon is caused by the
improvement of grain refinement and secondary
phases distribution, which lower the corrosion

(©
Figure 4. The optical microscope results of Al 6061 alloys with the variation of (a). As-annealed, (b). 1-pass ECAP, (c) 2-pass
ECAP, (d) 3-pass ECAP and (e). 4-pass ECAP after corrosion test in 3.5% NaCl

rate of Al 6061 alloy. Furthermore, an alloy with
a higher Ecorr value indicates more passivated
oxide film, which caused a lower corrosion rate
because of the slow dissolution rate of fine grain
structure [23]. This fact also supported the
corrosion morphology of the alloy in Figs. 4(a),
4(b), and 4(c) are more corroded than the others
because of their coarse grain.

4. CONCLUSIONS

In the current study, the effect of ECAP
processing on the hardness, microstructure, and
corrosion behavior of Al 6061 was successfully
done. The hardness of the sample before aging
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was 48.6 HB and increased to 107.58 HB in three
passes number of ECAP. The effect number of
passes was in line with grain refinement, which
affects the hardness. The Al 6061 annealed and
ECAP processed microstructure revealed the
elongated and rounded shapes of grain bounded
by dislocation walls. Besides that, the increased
ECAP number of passes led to a significant grain
size reduction from 10 pm in the Al 6061
annealed to 2.5 pm after four passes of the ECAP
process. The corrosion behavior of the Al 6061
deformed by ECAP had nobler free corrosion
potential than the annealed Al 6061. The
corrosion rate also decreased with the increased
ECAP number of passes from 133.3e-3 mmpy of
Al 6061 annealed to 16.04e-3 mmpy after four
passes.
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Abstrak

Salah satu faktor yang memengaruhi proses leaching dari suatu sumber mineral adalah karakteristik mineral dari
bahan baku tersebut. Tidak semua fasa mineral dapat terleaching secara langsung dan sempurna. Dengan demikian,
beberapa mineral memerlukan perlakuan khusus sehingga proses leaching dapat berlangsung dengan maksimal.
Studi ini akan terfokus pada mempelajari pengaruh penambahan senyawa aditif, yaitu hidrogen peroksida dan
natrium klorida, dalam proses leaching spent catalyst dengan menggunakan larutan asam sulfat. Proses leaching
dilakukan pada konsentrasi larutan asam sulfat 1 M selama 240 menit pada suhu ruang. Konsentrasi hidrogen
peroksida divariasikan pada 0-9%v/v sedangkan konsentrasi natrium klorida divariasikan pada 0-0,8 mol/L. Hasil
percobaan menunjukkan bahwa kedua senyawa aditif tersebut mampu meningkatkan perolehan nikel secara
signifikan. Perolehan nikel tertinggi sebesar 95,08% tercapai saat penggunaan hidrogen peroksida sebesar 9%v/v.
Perolehan nikel ini lebih tinggi 3,5 kali dibandingkan dengan tanpa penambahan hidrogen peroksida. Sementara itu,
konsentrasi natrium klorida sebesar 0,8 mol/L mampu memberikan perolehan nikel tertinggi sebesar 50,38% atau
meningkat sebesar 1,9 kali bila dibandingkan dengan tanpa penambahan natrium klorida.

Kata Kunci: Leaching, spent catalyst, hidrogen peroksida, natrium klorida, nikel

Abstract

One of the factors that affect the leaching process of a mineral source is the mineral characteristics of the raw
materials. Not all mineral phases can be leached completely and directly. Thus, some minerals require special
treatment so that the leaching process can take place optimally. The purpose of this research is to investigate the
effect of adding additive compounds, such as hydrogen peroxide and sodium chloride, to the leaching process of
spent catalyst using a sulfuric acid solution. The leaching process was carried out at room temperature for 240
minutes with a concentration of 1 M sulfuric acid solution. The highest nickel recovery of 95.08% was obtained
when hydrogen peroxide was used at a concentration of 9%v/v. The experimental results showed that the two
additive compounds were able to increase nickel recovery significantly. The highest nickel recovery of 95.08% was
achieved when hydrogen peroxide was used at 9%v/v. The nickel recovery is 3.5 times higher than without the
addition of hydrogen peroxide. Meanwhile, a sodium chloride concentration of 0.8 mol/L was able to provide the
highest nickel recovery of 50.38 %, or a 1.9 times increase over the control.

Keywords: Leaching, spent catalyst, hydrogen peroxide, sodium chloride, nickel
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1. INTRODUCTION

The hydrometallurgical process, particularly
the atmospheric pressure acid leaching (APAL)
process, is a common method for metal recovery.
The APAL process extracts and dissolves
valuable metal ions into solvents from various
mineral sources under atmospheric conditions.
[1]-[2]. Some advantages of this process include
the ability to obtain the product in purer
conditions than the pyrometallurgical method,
being more economical, requiring less energy,
and being environmentally friendly [2]-[4].

In general, the main principle of the APAL
process is to react solvent with metal compounds
to produce metal ions that are easily soluble in
aqueous solutions. During the leaching process,
the diffusion step and the chemical reaction step
control the rate of the leaching process. To
improve the performance of the metal ion
leaching process, various fundamental factors
such as temperature, particle size, agitation,
solvent type, solvent concentration, pulp density,
and time are influenced [5]-[7].

However, mineral characteristics, the phase
and form of minerals contained in the mineral
resources, greatly affect the performance of the
leaching process. Not all metal elements or
compounds in the raw materials can be dissolved
in the solvent directly and completely. In other
words, it is needed an extra effort to leach the
metal from the raw materials. For example,
nickel will be easier to leach if the nickel
contained in mineral sources is in Ni(ll) ions or
nickel-based compounds that can be changed into
Ni(Il) ions. Nickel metal (Ni°) has properties that
are slightly soluble in acids, such as sulfuric acid
or hydrochloric acid, and insoluble in water [8]-
[9]. Meanwhile, Ni(ll) (Ni**) ions are water-
soluble, especially in the form of a nickel-based
compounds such as nickel sulfate, nickel chloride,
nickel nitrate, or nickel acetate [8]-[9].

The solubility of nickel or nickel-based
compounds needs more attention when the
leaching process is carried out on raw materials
with a large enough nickel-metal (Ni°)
component, like a spent catalyst. Spent catalysts
usually still have metal components in the form
of pure metal elements. In the spent catalyst Ni/y-
Al>Os3, the nickel metal (Ni°) is still much in the
catalyst [10]. Because pure metal cannot be
completely dissolved in an aqueous or acid
solution, not all nickel can be leached. Thus, in
addition to optimizing the fundamental factors,
other efforts are required to maximize the nickel
leaching process from this spent catalyst.

This study will focus on efforts to maximize
nickel recovery in the leaching process using

spent catalysts. The basic idea of this study is to
convert the "insoluble™ component of nickel-
metal (Ni°) into Ni(ll) ions. As a result, these
Ni(Il) ions can react with other anions (from the
solvent), such as SO.* ions, and form water-
soluble salts. This idea is reinforced by observing
the Pourbaix diagram of nickel, as shown in Fig.

- '.H""--,___. : NIO:
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-20F

-30F
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Figure 1. Pourbaix diagram of nickel in water [11]

In that Pourbaix diagram, Ni° (Nicys, nickel-
metal) is stable at all pH values as long as the
voltage potential (E) is below -0.5 V. If the
voltage potential (E) is increased, Ni° can be
converted into Ni(Il) (Ni?*) ions. It is possible to
make an effort by adding additive compounds
such as hydrogen peroxide (H2O2) or sodium
chloride (NacCl).

In the metal leaching process, hydrogen
peroxide is a compound that can act as an
oxidizing or reducing agent [12]. However, in an
acidic medium, hydrogen peroxide acts more as
an oxidizing agent [12]-[13]. Thus, hydrogen
peroxide can oxidize lower valence metal
elements/ions to higher valence metal (ions/
compounds). In the case of nickel metal (Ni®)
conversion from spent catalyst in sulfuric acid
(H2S04) solution, hydrogen peroxide will oxidize
Ni° to Ni(ll) ions or in the form of nickel oxide
(NiO) compounds. This condition is desirable in
this study because this oxidation process will
produce nickel ions which can be dissolved in
aqueous solution directly or indirectly through
NiO compounds. Then, the Ni(ll) ions will react
with another anion (SO,*) or the NiO
compounds will react with H.SO. to form NiSO,
salt which is easily soluble in water. The reaction
mechanism follows the following reaction
equation [14]-[15]:
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Oxidation reactions

Ni( = Ni**(ag) + 26~ E=025V (1)

Ni() + H202(q) = NiOg) + H20¢) ()
Dissolution reactions

Ni**(aq) + H2SO4(ag) = NiSOuaq) + 2H"(aqp 3)
NiO(s) + H2SO4(aq) = NiSO4(aq) + H20(|) (4)
Overall reaction

Nig) + H202¢q) + H2SO4(aq) (5)

= NiSOug) + 2H20¢)

In the absence of hydrogen peroxide, Ni® will not
be leached into an aqueous solution. Therefore,
the use of hydrogen peroxide has excellent
potential to increase nickel recovery in the
leaching process in an acidic medium [16]-[18].

Another additive that is applied to improve
the performance of the leaching process is
chloride salts, such as sodium chloride (NacCl).
The addition of chloride salts to the sulfate
leaching medium is mostly done for the
chalcopyrite leaching process [19]. Some
chloride-based compounds such as ferric chloride
(FeCls), cupric chloride (CuCly), sodium chloride
(NaCl) are good oxidizing agents [20]. The
addition of chloride salts, such as NaCl into the
leaching system can increase the complex formed
in the solution [4], [20]-[22]. Besides, the NaCl
(chloride salts) addition is also expected to
increase the voltage potential. Thus, chloride
salts may be able to convert elements/compounds
in the passive area (pure metal) into ions that are
easily soluble in an aqueous solution. This
concept will be applied in the nickel leaching
process from the spent catalyst. Based on the
Pourbaix diagram of nickel in Figure 1, the
nickel-metal (Ni°) phase is in the passive zone
which is insoluble in an agueous solution. The
addition of salt in the system is expected to
convert Ni° into Ni(ll) ions. Sodium chloride
compounds also increase the formation of
complex compounds so that the nickel recovery
process will be better [4], [20]-[22]. In addition,
the addition of salt, such as NaCl, into sulfuric
acid can increase the electrolyte level of the
solution [23]. It is possible that during the
extraction process, the value of the voltage
potential (E) will also increase so that the
possibility that Ni° turns into Ni(Il) ions becomes
larger (based on Fig. 1).

This study is designed on a spent catalyst
leaching process using the sulfuric acid solution
at room temperature. The effect of adding
additives, such as H,O, and NaCl, on nickel and
aluminum recovery is investigated. The leaching
process at room temperature requires a very long
processing time if the desired metal recovery is
high. These low operating conditions have the

advantage of lower energy use. As a result, the
findings of this study are expected to have a
positive impact, allowing metals to be obtained
with high recovery and in a short period of time.

2. MATERIALS AND METHODS
2.1 Materials

Spent catalysts used in this study were the
catalysts that had been saturated from the
reforming process at PT Petrokimia Gresik. A
solution of sulfuric acid (H.SO.) was used as a
solvent at a concentration of 1 M. Other materials
such as hydrogen peroxide (H20,) and sodium
chloride (NaCl) were also used as additives.

2.2 Procedure
The leaching process took place using a
series of equipment, as shown in Fig. 2.

0

. Condensor

. Stand, boss, and clamp
. Leaching vessel

. Magnetic stirrer

. Hotplate

[W
O wWN -

o O],

Figure 2. Leaching equipment

After the equipment was assembled, 300 ml of 1
M H,SO, solution was poured into the leaching
vessel. A solution of NaCl or H;O; at a certain
concentration was mixed with that H>SO,
solution. The concentration of H,O, solution was
varied in the range of 0-9%v/v while the
concentration of NaCl was varied in the range of
0-0.8 mol/L. Then, the temperature of this
mixture was adjusted at 30 °C and stirred at 200
rpm. After the desired operating conditions are
achieved, 60 grams of spent catalyst, with a size
of -200 mesh, was entered into the leaching
vessel. This step indicated that the leaching had
been started and counted as t = 0. A sampling of
10 ml was carried out periodically at 30, 90, and
240 minutes. This sample was first separated
between the solid phase and the liquid phase. The
liquid phase formed was then analyzed for the
content of Ni(ll) ions using AAS (atomic
absorption spectrometry) and Al(I1) ions using a
UV-Vis spectrophotometer.
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2.3 Data Analysis
The percentage recovery of metal ions was
calculated using the following equation.

%Recovery = :;:_i x 100% (6)

where C; is the concentration of dissolved metal
(Ni?* or APF*) ions at t; C, is the maximum
concentration of metal (Ni?* or AI**) ions in spent
catalysts.

3. RESULTS AND DISCUSSIONS
3.1 The Characteristics of Spent Catalyst

As the raw material, the spent catalysts used
in this study were characterized first. The
material characterization carried out consisted of
the constituent composition and the mineral
phase contained in the catalyst. The composition
of the catalyst is known by analyzing the sample
using XRF (x-ray fluorescence). The analysis
result is presented in Table 1.

Table 1. The composition of raw materials

Element Composition (wt.%0)

Al 38.22
Ni 37.66
Ca 22.61
P 0.44

Fe 0.43

K 0.23

Si 0.22

Table 1 shows that the constituent elements of
this spent catalyst are dominated by aluminum
(A and nickel (Ni). These analysis results are in
line with the analysis results for the mineral
phase contained in the catalysts. The mineral
phase was analyzed using XRD (x-ray
diffraction) and the analysis results are presented
in Fig. 3.

A

A = AOH);
B = AlLO;
C = NiO
D= Ni

(0] E = CaCO;

D F = Ca(OH),

Figure 3. XRD pattern for raw materials

The analysis result using XRD in Fig. 3 shows
that the catalyst used comprises a mineral phase
AIl(OH)s, Al,Os3, NiO, Ni, CaCOs, dan Ca(OH)..

For the nickel leaching process, two nickel
phases can be utilized, i.e. NiO and Ni® (nickel-
metal) phases. It is easy to obtain nickel from the
NiO phase because the reaction between NiO and
the solvent (H.SO.) can be carried out directly by
following the reaction equation (4). However, for
the leaching process from the Ni° phase, nickel
can not be leached directly. In Fig. 3, nickel-
metal (Ni°) has a reasonably high intensity,
especially at 44.3° and 51.8°. Nickel under this
phase will be the focus of this study. Ni° is
expected to be reduced from the spent catalyst by
leaching with the addition of H,O, or NaCl. The
addition of both additives can oxidize Ni° to
become Ni(ll) ions and then, those ions dissolve
in an aqueous solution.

3.2 The Effect of Hydrogen Peroxide (H:0,)
Addition on the Leaching Process of Spent
Catalyst

In this section, the parameter studied is the
concentration of hydrogen peroxide compounds.
The variations used for this parameter are 0; 1.5;
and 9%v/v. The experimental results are
presented in Fig. 4.
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Figure 4. The effect of hydrogen peroxide addition on nickel

recovery

A certain concentration of hydrogen peroxide
added to the system has a significant effect on the
nickel recovery process. The experimental results
in Fig. 4 demonstrate this. This is evidenced by
the experimental results in Fig. 4. According to
the experimental results, the higher the hydrogen
peroxide concentration, the higher the nickel
recovered.

Based on Fig. 4, the highest nickel
percentage was achieved at 95.08% using
hydrogen peroxide at 9%v/v and a leaching time
of 240 minutes. The results obtained are
reasonable and in line with the existing theory.
Long operating duration increases the probability
of a molecule interacting with the others. This
condition will optimize the leaching process
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mechanism and can recover more nickel.

However, when the leaching time was 30 minutes,

the use of hydrogen peroxide increased
significantly when compared to the difference in
nickel recovery. When compared to the
percentage of nickel recovery without the
addition of hydrogen peroxide, the addition of
hydrogen peroxide at 30 minutes can increase
nickel recovery by 19.5 times for a concentration
of 1.5 %v/v and 26.6 times for a concentration of
9 %v/v.

The results of this experiment indicate that
using hydrogen peroxide in the nickel leaching
process is an intriguing and promising endeavor.

This process was carried out at room temperature,

where this operating condition is classified as low
temperature. In general, leaching at low
temperatures results in a low percentage of
recovery, or it takes a very long time if a high
percentage of recovery is desired. The
experiments conducted in this study, on the other
hand, demonstrated that hydrogen peroxide was
capable of providing high recovery in a relatively
short time and at low temperatures.

As explained in the introduction section,
hydrogen peroxide acts as an oxidizing agent and
will oxidize Ni° (insoluble) to Ni(ll) ions
(soluble). This phenomenon causes the
percentage of nickel recovery will increase after
the addition of hydrogen peroxide. Fig. 5 shows
that the intensity of the Ni phase decreases
significantly when the residue sample is treated
with hydrogen peroxide. This is visible at 44.3°.
The results of this XRD analysis support the
findings of previous studies, demonstrating that
the leaching process with the addition of H>O:
has been successfully optimized because Ni° has
been converted into Ni(ll) ions and dissolves in
acid. As a result, the nickel recovery percentage
increased very significantly.

Unlike the nickel leaching process, the
addition of hydrogen peroxide in this study does
not provide a significant difference to the
aluminum recovery process. This can be seen in
Fig. 6. The leaching process at all concentrations
of hydrogen peroxide only gave an average
percentage of aluminum recovery of 42.5+4%.
When it views from the mineral phase present in
the spent catalyst (Fig. 3), aluminum is not in a
pure metal phase but the Al.O; and Al(OH);

phases which can directly react with sulfuric acid,

then form AI(II1) ions. These AIl(II) ions will
dissolve in an acidic medium and form Al>(SOa)s
salt. The reaction equations that occur are [24]-
[25]:

A|203(s) + 3H2304(aq) = AI2(SO4)3(aq) + 3H20(|) (7)
Al(OH)s(s) + 3H2S04(ag) = Al2(SO4)3(aq) + 3H20¢) (8)

m= Ni

. m= Ni
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Figure 5. XRD pattern (a) raw materials and residue from
leaching process (b) without the addition of H202, (c) with
the addition H202 by 1.5%v/v, and (d) 9%v/v
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Figure 6. The effect of hydrogen peroxide addition on

aluminum recovery

In other words, for the leaching process of this
spent catalyst, the use of hydrogen peroxide has
more effect on the nickel recovery.

3.3 The Effect of Sodium Chloride (NacCl)
Addition on the Leaching Process of
Spent Catalyst
Another parameter studied in this study is

the addition of salt, i.e. sodium chloride (NaCl)

during the leaching process. The salt
concentration was varied at 0, 0.1, and 0.8 mol/L.

For this study, there is no addition of hydrogen

peroxide into the system. The effect of this

variation can be observed from the percentage of

nickel recovery, as shown in Fig. 7.
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Figure 7. The effect of sodium chloride addition on nickel

recovery

Figure 7 shows that the addition of sodium
chloride during the leaching process has a
positive impact on nickel recovery as the
leaching process takes longer. This condition is
very obvious, especially at the 240 minutes
leaching time. For 240 minutes, sodium chloride
was able to increase the percentage of nickel
recovery from 27.07% to 44.25% (for the
addition of 0.1 mol/L NaCl) and 50.38% (for the
addition of 0.8 mol/L NaCl). The phenomenon
resulting from this study is a promising effort to
maximize the nickel leaching process. The effect

of sodium chloride as an additive is not as
significant as hydrogen peroxide. However, the
addition of sodium chloride was able to increase
nickel recovery by about two times even though
the leaching process was carried out at a low
temperature, 30 °C where the leaching rate at this
temperature was prolonged.

The use of sodium chloride can convert the
nickel phase from Ni° to Ni(ll) ions because
theoretically, there is an increase in the voltage
potential value. This result is further proven from
the results of analyzing the mineral phase of the
residue from the leaching process. The results of
the analysis are presented in Fig. 8. Based on Fig.
8, the nickel-metal (Ni°) phase decreased
significantly after the addition of sodium chloride.
This can be observed from the XRD pattern and
peak intensity of the Ni°® phase, especially at
44.3° and 51.8°. The decrease in peak intensity
and increase in nickel recovery further
strengthens the study results where the addition
of sodium chloride can increase the rate of nickel
leaching process from spent catalyst.

Furthermore, when Fig. 7 is compared to Fig.
4, there is a difference in the tendency of the
addition of hydrogen peroxide and sodium
chloride. A comparison of the two figures shows
that the addition of sodium chloride is not as
aggressive as hydrogen peroxide. Increasing the
time of 30 and 90 minutes in sodium chloride did
not result in a significant increase in nickel
recovery. This is in contrast to the addition of
hydrogen peroxide, where the difference in time
significantly increases nickel recovery. This
phenomenon indicates that the oxidation process
of Ni° to Ni(ll) ions will be more spontaneous
when hydrogen peroxide is added.

An analysis of aluminum recovery was also
performed for this parameter, and the results are
shown in Fig. 9. In general, no significant
changes occurred in aluminum recovery. This
condition is similar to the study of the addition of
hydrogen peroxide. However, Fig. 9 has a
consistent trend in each leaching time. The
addition of 0.1 mol/L sodium chloride gives
slightly better leaching results. In this condition,
the recovered aluminum is in the range of 45.66-
48.68%. This study shows that, like hydrogen
peroxide, the addition of sodium chloride has an
effect on the nickel leaching process when
compared to aluminum.
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Figure 8. XRD pattern (a) raw materials and residue from
leaching process (b) without the addition of NaCl, (c) with
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Figure 9. The effect of sodium chloride addition on
aluminum recovery

Overall, the results of this experiment are
supported by the results obtained from several
previous studies [16]-[18], [20]-[22]. Those
studies confirmed that hydrogen peroxide and
sodium chloride are the good additive agent for
the metal recovery, especially nickel in the low
temperature extraction process. Both additives
have a positive effect to leaching process becaust
the nickel metal (Ni°) phase contained in the
spent catalysts can be extrated into the acid
solution.

4. CONCLUSIONS

The addition of additives such as hydrogen
peroxide and sodium chloride has a positive
effect on the nickel leaching process from the
spent catalyst. These two additive compounds are
capable of converting nickel metal (Ni°) into
Ni(Il) ions which are easily soluble in an aqueous
solution. As a result, the use of these additive
compounds can increase nickel recovery. In
general, the higher the concentration of additive
compounds, the higher the nickel recovery. In
this study, the use of hydrogen peroxide
concentration of 9%v/v was able to leach nickel
by 95.08% or an increase of 3.5 times when
compared to without the addition of hydrogen
peroxide. Meanwhile, the use of sodium chloride
of 0.8 mol/L was able to leach nickel by 50.38%
or an increase of 1.9 times. However, the use of
these two additive compounds did not tend to
affect the aluminum recovery.
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Abstrak

Perkembangan ilmu dan teknologi dewasa ini dalam bidang elektronik, khususnya penyimpanan energi meningkatkan
permintaan dalam penggunaan baterai sekunder litium. Pengembangan baterai litium difokuskan pada kapasitas
penyimpanan energi dengan menggunakan mangan dioksida (MnO;) sebagai bahan katoda baterai litium. Mangan
dioksida dipilih sebagai bahan katoda baterai litium karena memiliki kapasitas penyimpanan yang tinggi yaitu sekitar
615 mAh/g dibandingkan dengan material lain seperti grafit yang memiliki kapasitas penyimpanan 372 mAh/g. Sintesis
MnO; dilakukan dengan metode elektrolisis dari prekursor mangan sulfat (MnSO,) yang diperoleh dari proses pelindian
bijih mangan Kabupaten Trenggalek. Proses elektrolisis dilakukan selama 5 jam dengan menggunakan variasi temperatur
elektrolit 30, 40, 50 dan 60°C serta variasi arus 2, 3, 4 dan 5 A untuk mengetahui pengaruh temperatur elektrolit dan arus
terhadap perolehan massa, polimorfi struktur dan morfologi MnO- yang terbentuk. Perolehan massa tertinggi diperoleh
pada penggunaan temperatur elektrolit 60 °C dan arus 5 A yaitu sebesar 11,4 gram. Hasil karakterisasi MnO, dengan
menggunakan XRF (x-ray fluorescence) Thermo type ARL 9900 menunjukkan kadar mangan dioksida sebesar 85,472%
dan hasil analisa dengan menggunakan XRD (x-ray diffraction) Shimadzu type 7000 diperoleh polimorfi struktur senyawa
MnO, yang terbentuk adalah polimorfi a-MnO,. Citra SEM (scanning electron microscope) menunjukkan bahwa partikel
MnO, memiliki bentuk bulat berduri dan cenderung beraglomerasi dengan nilai diameter partikel berkisar antara
50-70 nm.

Kata Kunci: Elektrolisis, MnO2, MnSQ4, temperatur elektrolit, arus

Abstract

The advancement of science and technology in the field of electronics, particularly in the field of energy storage, is
increasing the demand for the use of lithium secondary batteries. The use of manganese dioxide (MnO,) as a lithium
battery cathode material is focusing the development of lithium batteries on energy storage capacity. Manganese dioxide
was chosen as the cathode material for lithium batteries because it has a high storage capacity of about 615 mAh/g
compared to other materials such as graphite which has a storage capacity of 372 mAh/g. MnO, was synthesized by the
electrolysis method from manganese sulfate (MnSO4) precursor which was obtained from the Trenggalek manganese ore
leaching process. The electrolysis process was carried out for 5 hours using variations in electrolyte temperature of 30,
40, 50, and 60 °C as well as variations in a current of 2, 3, 4, and 5 A to determine the effect of electrolyte temperature
and current on mass gain, structural polymorphy, and morphology of MnO, formed. The highest mass gain was obtained
at the use of an electrolyte temperature of 60 °C and a current of 5 A, which was 11.4 grams. The characterization of
MnO; using XRF (x-ray fluorescence) Thermo type ARL 9900 revealed manganese dioxide levels of 85.472%, and the
analysis using XRD (x-ray diffraction) Shimadzu type 7000 revealed that the polymorphy structure of the MnO, compound
formed was a-MnO; polymorphy. The MnO, particles have a spiny round shape and tend to agglomerate, as shown by the
SEM (scanning electron microscope) image, with particle diameter values ranging from 50 to 170 nm.

Keywords: Electrolysis, MnO,, MnSQ,, electrolyte temperature, current
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1. INTRODUCTION

Batteries have been the most widely
developed electrical energy storage technology as
science and technology have progressed,
particularly in the field of electronics in energy
storage. Lithium battery is a secondary battery
that is widely developed today. Lithium batteries
have advantages including high storage capacity,
no memory effect, and can be recharged [1]. The
development of lithium batteries is focused on
increasing battery storage capacity and battery
charging speed. One of the materials that are
widely used as a lithium battery cathode is
manganese dioxide (MnO,). Based on data from
the Geological Agency, Ministry of Energy and
Mineral Resources, it is stated that manganese
resources in Indonesia are about 60,893,820 tons
and total manganese reserves are 87,236,536 tons
[2]. With the manganese potential in Indonesia,
the processing and utilization of manganese ore
can be distinguished based on the manganese
content in the ore. Manganese ore processing
based on grade can be divided into two,
pyrometallurgical and hydrometallurgical.
Manganese ore with levels above 45% or
commonly referred to as metallurgical grade is
processed pyrometallurgical into ferromanganese
metal as a ferroalloy for the manufacture of iron
and steel. Meanwhile, manganese ores with
levels below 45% are hydrometallurgically
treated and used for the production of non-
metallurgical grades which are suitable for use in
the dry battery industry as battery electrodes [3].

Manganese dioxide was chosen as the
cathode material for lithium batteries because it
has a high storage capacity of about 615 mAh/g
[4]. Manganese dioxide is an oxide of manganese
that can be crystalline or amorphous. The
crystalline structure has a polymorphic crystal
structure, such as B-MnO,, a-MnOz, y-MnO, or
8-MnQ,. The polymorphic structure of MnO; can
possess a widely varying structural composition,
and hence electrochemical activity [5]. Each of
these crystalline structures has a tunnel structure
with different sizes. B-MnO. (pyrolusite),
a-MnO; (ramsdellite), y-MnO. (nsutite) and
3-MnO; (vernadite) have tunnel structures (1x1),
(2x2), (1x1)(1x2), and (1xo0) successively [6].
Among the various polymorphies of MnO,, such
as B-MnO2, a-MnO,, 3- MnO-, and y-MnQO;, the
polymorphic structure o-MnO; is much more
active both chemically and electrochemically [7].
The polymorphic structure a-MnO; is the most
suitable for battery applications and can be made
chemically and electrochemically [8].

2. MATERIALS AND METHODS

2 liters of MnSO; were filtered for
impurities before being poured into a 2000 ml
beaker. 5 ml of MnSO, solution was taken and
diluted up to 100 times in a volumetric flask
before being analyzed for elemental content
using ICP-OES (inductively coupled plasma-
optical emission spectrometry). The anode was
then wrapped in a screen mesh cloth and two
graphite electrodes (16 x 5 x 0.3 cm?® were
prepared. MnSO4 solution was electrolyzed for 5
hours with electrolyte temperature variations of
30, 40, 50, and 60 °C and current variations of 2,
3,4,and 5 A.

The MnO; obtained was then dried in an
oven for 2 hours and at a temperature of 110 °C.
Furthermore, the MnO;, formed was weighed
using a digital balance and analyzed using XRF
(x-ray fluorescence) Thermo type ARL 9900 to
determine the levels of compounds contained in
the MnO; sample. XRD (x-ray diffraction)
Shimadzu type 7000 analysis was also carried out
to determine the polymorphy formed and SEM
analysis to determine the polymorphy of MnO;
formed.

Manganese ore is obtained from Trenggalek.
At first, manganese ore was analyzed using XRF
to determine the elements contained in the ore,
and the results of XRF testing are shown in Table
1. Manganese ore was then leached using the
sulfuric acid solution at a stirring speed of 400
rpm, the acid concentration of 12% H>SOs,
temperature 75 °C for 180 minutes to produce
MnSO; precursor solution which will be used as
raw material for MnO- synthesis.

Table 1. XRF analysis of manganese ore from Trenggalek[9]

Oxide
Compounds Wt.%

MnO: 46.03
SiO2 48.73
Fe203 3.77
CaO 1.10
BaO 0.46
MgO 0.00
P20s 0.56

3. RESULTS AND DISCUSSIONS

ICP-OES (inductively coupled plasma-
optical emission spectrometry) was used to
determine the manganese content of the MnSO,
precursor  solution  during the initial
characterization. Table 2 shows the results of the
ICP-OES analysis of the MnSQ; solution, which
shows that the manganese content in the
precursor is around 387.185 ppm.
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Table 2. ICP-OES analysis for MnSO4 solution

Element ppm
Aluminum (Al) 0.505078
Gold (Au) 0.012406
Boron (B) 0.085176
Calcium (Ca) 4.18425
Iron (Fe) 0.194278
Potassium (K) 0.324122
Lithium (Li) 0.0204
Magnesium (Mg) 1.05311
Manganese (Mn) 387.185
Sodium (Na) 0.964326

3.1 Electrolysis Process

Electrolysis is a decomposition reaction in an
electrolyte by an electric current. When an
electric current is passed through an electrolyte
solution in an electrolytic cell, a chemical
reaction occurs. [10].
The color change that occurs in the MnSO4
precursor during the electrolysis process is
directly visible. The solution was pink before the
electrolysis process was carried out, as shown in
Fig.1(a), and after the electrolysis process was
completed for 5 hours, the solution changed color
to dark brown, as shown in Fig.1(b), where a
very significant change in the color of the
solution was obtained at an electrolyte
temperature of 60 °C and a current of 5 A.

(b)
Figure 1. (a) Precursor solution before electrolysis process;
(b) Precursor solution after electrolysis process

The MnSOQ, solution will decompose into Mn?*
and SO ions during the electrolysis process.
Mn?* ions will flow to the anode, causing the
reaction described in Eq. (1) to occur [11].

Mn?* + 2H,0 = MnO, + 4H* + 2¢°

MnO; + Mn?* + 2H,0 = 2MnOOH + 2H*
MnOOH = MnO; + H* + & Q)
Eg. 2 depicts the reaction that occurs at the
cathode.

2H +2e = H, 2
While Eq. 3 shows the total electrolysis reaction,
MnSQO; + 2H,0 = MnO; + H,SO4 + H, (3)

3.2 Electrolysis with Temperature Variation

of the Electrolyte

The electrolysis procedure was carried out
with electrolyte temperatures ranging from 30 to
40, 50, and 60 °C. According to the findings of
the study, the lowest mass gain of MnO; was
obtained at 30 °C, which was 2.98 grams, and the
highest mass gain of MnO_ was obtained at 60 °C,
which was 11.4 grams.

— =
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Figure 2. Effect of electrolyte temperature variations on
mass gain of MnOz

The greater the mass of MnO; obtained, the
higher the temperature of the electrolyte used.
Because the mass gain of MnO; obtained was
greater and the electrolyte temperature tended to
be more constant at 60 °C, the optimum
condition of the electrolysis process was
achieved.

3.3 Electrolysis with Current Variation

The current variations used were 2, 3, 4, and
5 A. According to the findings of the study, the
lowest mass gain of MnO, was obtained at 2 A
current, which was 2.98 grams, and the highest
MnQO;, mass was obtained at 5 A current, which
was 11.4 grams.
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Figure 3. Effect of current variation on mass gain MnO2

The Effect of Variations in Electrolyte Temperature.../ Rizta Febian Adi Endani| 89



The reaction rate of the electrolysis process can
be affected by current. The higher the current
user, the more MnO; is formed.

3.4 MnO; XRF Analysis

The levels of MnO; formed after the
electrolysis process were determined using XRF
(x-ray fluorescence) analysis. Table 3 shows the
XRF characterization results, which show MnO;
levels of 85.472 wt.%.

Table 3. XRF analysis for MnO>

Compound Wt.%
K20 0.066
MoOs 0.019
TiO2 0.044
MnO: 85.472
Fe203 2.128
SiO2 8.377
V205 0.05

P20s 0
CaO 0.084
Cr203 0.174

NiO 0
SOs 3.574

Cl 0
Sc203 0.009

The increase in MnO-, levels after the electrolysis
process was initially 46.03 wt.% and increased to
85.472 wt.%. This indicates that the electrolysis
process used can increase the levels of MnO,
formed. The higher purity of MnO, obtained will
improve MnO-'s electrical performance as a
lithium battery cathode even more.

3.5 XRD Analysis on MnO;

The polymorphy of the crystal structure
formed in MnO; compounds was also determined
using XRD (x-ray diffraction). XRD analysis was
performed on three samples, the lowest current of
2 A at a temperature of 60 °C, the highest current
of 5 A at a temperature of 30 °C, and the highest
current of 5 A at a temperature of 60 °C. Using
the OriginPro 2021 software, the polymorphs in
MnQO; compounds were identified by comparing
the results of the sample x-ray diffraction test
with data from the ICDD (international center for
diffraction data) standard. Figure 4 shows
comparative images of x-ray diffraction for each
currency. The comparison image of the
experimental MnO; sample's x-ray diffraction
pattern has similarities with the X-ray diffraction

pattern based on ICDD standard No. 00-044-
0141, which is a diffraction pattern of a-MnQO;
polymorphy with a tetragonal crystal system. The
XRD test was performed with an angle of 260
between 15° and 90°. Typical peaks of a-MnO-
were found at 20 (°) = 26, 29, 37, 42, and 56 in
sample 2A; 60 °C, and impurity peaks were
found at 26 (°) = 24, 27, 32, and 55. Typical
peaks of a-MnO, were found at 26 (°) = 18, 26,
29, 36, 37, 46, 47, 49, 52, 56, 57, 60, and 73 in
sample 5 A; 30 °C, with impurity peaks found at
20 (°) =16, 25, 27, 28, 35, 43, and 55. Typical
peaks of a-MnO- were found at 26 (°) = 18, 26,
29, 37, 42, 50, and 57 in sample 5A; 60 °C, and
impurity peaks were found at 26 (°) = 27, 35, 38,
and 55.

The sample contains approximately 82.7%
a-MnO; compounds and 17.3% graphite,
according to XRD analysis. The presence of
other compounds in the MnO, sample caused the
formation of this impurity peak, with graphite
containing the most impurity.

].SQDD 60{}[:: 2 A_
A a-hﬂn()z |
®  Graphite |

12600

6300

Intensity (a.u.)
Ié

o
=)
=
=]

2400

P |[CDD No. 00-044-0141 |

66 -
33 -‘
luf
3 ] 70 20 90
2 Theta (")

Figure 4. X-ray diffraction pattern for electrolyzed MnO-
based on ICDD No. 00-044-0141
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The brittle nature of the graphite electrode
can cause graphite impurities because graphite is
easily eroded and mixed with MnO,. Based on
the three XRD images obtained, it is possible to
conclude that MnO, compounds with a-MnO;
structural polymorphy are obtained at each
temperature and current used. Polymorphy with a
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a-MnO; structure is best suited for use as a
battery cathode material [12]. Because it has a
crystal structure large enough to accommodate
and decompose oxygen molecules, the structure

of a-MnO; has the best electrocatalytic ability [6].

3.6 SEM Analysis on MnO;

SEM  (scanning electron  microscope)

analysis was also performed to determine the
morphology of the MnO, formed. At a
temperature of 60 °C and a current of 5 A, SEM
analysis was performed on the sample with the
highest mass gain of MnO..

)
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Figure 5. (a) Morphology of MnO2zusing SEM at 60 °C and
5A current, (b) Magnification of (a) which MnO2 diameter
particle size

Figure 5 shows that the particle diameters of
the MnO: particles produced at a current of 5 A
range from 50 to 170 nm at a magnification of
20,000x. The acquisition of a much smaller
diameter of the MnO, particle increases the
surface area of the particle, allowing the MnO;
particle's electrical storage performance to
improve.

4. CONCLUSIONS
The highest mass gain was obtained at the
use of an electrolyte temperature of 60 °C and a

current of 5 A, which was 11.4 grams. The higher
temperature of the electrolyte, the mass gain of
MnO; will increase, as well as the higher the
current used, the mass gain of MnO. will be
increase. The brittle nature of the graphite
electrode can cause graphite to be easily eroded
and mixed with MnO,. The MnO, compound has
a spiny round shape and tends to agglomerate
with particle diameter values ranging from 50-
170 nm.
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