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ABSTRACT: Hydrocarbon-impeded soil (HIS) is solid waste from spills or leaks during industrial activities that negatively
impact the environment. This study aims to utilize HIS as catalyst support on MnO, to degrade RhB (RhB) solution using
Peroxymonosulfate (PMS) and to determine the optimum conditions for the catalyst to degrade RhB. The catalyst was
synthesized by reacting HIS, calcined with KMnO4 with various catalyst supports with high and low Total contain Petroleum
Hydrocarbon (TPH). The process degradation of Rhodamine Solution was carried out with various catalysts, PMS, and RhB
concentrations. The catalyst was characterized using X-ray diffraction (XRD), Nitrogen gas adsorption-desorption (BET), and
Scanning Electron Microscope-Energy Disperse Spectroscope (SEM-EDX). In this study, the best catalyst performance was
MnO,@H-TPH, which could activate PMS to degrade RhB with dye removal of 98% in about 180 min, at conditions 10 g/L

RhB, 0.1 g/L catalyst, and 3 g/L PMS with the activation energy of 16.3 kJ/mol.
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1. INTRODUCTION

Currently, many industries produce waste that causes
environmental pollution. The waste could be solid, liquid, or
gas form. Hydrocarbon-impacted soil (HIS) is solid waste
originating from petroleum due to accidental spills or leaks
that occur during industrial activities [1]. HIS can cause
harmful effects on microbes, animals, and plants. Soil
contaminated below 1% will inhibit bacteria in the soil. Soil
containing 3% oil will cause worms in the soil for more than
7 days, and oil contamination also hampers plant growth [2]
(2, 3]. One way to treat soil contaminated with petroleum is
through bioremediation by adding microbes with a high
potential to degrade petroleum hydrocarbon [3]. According
to Oluremi & Osualale [4], contaminated soil can be used as
construction material, including subgrade material in road
construction, brick and tile production, concrete mixes, and
production of asphalt concrete.

Liquid waste from industries and households contains
many organic components that harm the environment and
living things. Liquid waste treatment that is often carried out
includes biodegradation, electrocoagulation, adsorption
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with activated carbon, and the Advanced Oxidation Process
(AOP). Among these methods, the AOP method is effective
and efficient, using highly reactive active radicals to remove
pollutants found in water [S]. One active radical used in the
AOP is sulfate radical (S0: ), which can be used to replace
the hydroxyl radicals because it has an oxidation potential of
1,82 V greater than H,0, which has an oxidation potential
of 1,76 V [6]. PMS can be activated using external activator
energy such as ultrasonic, heat, and ultraviolet, metal ions
(Ni2t, Fe¥*, Mn?*), and chemicals such as alkaline
compounds, phenol, and quinone [7, 8]. Using carbon-
based catalysts also increases persulfate’s ability to degrade
pollutants, and the carbonyl group plays an essential role in
the composition of persulfate into 50; ™ . Another advantage
of carbon materials is that they can actively persulfate at
neutral pH without using additional energy and chemicals
[9,10].
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Scheme 1. The diagram of the preparation for catalysts.

Previous researchers have widely applied the advanced
oxidation process (AOP) using a carbon manganese
composite-based catalyst as an oxidizing agent. Organic
content in HIS will reduce the manganese compound in
KMnO, to produce active manganese oxide and carbon
composite for the AOP catalyst. Carbon in the catalyst
matrix also provides additional active catalytic sites for the
AOP process [11]. Prawiranegara et al. [12] synthesized
Mn/Carbon using manganese nitrate with a carbon source
from glucose and degraded methylene blue solution at a
concentration of 25 mg/L using peroxymonosulfate. Wang
et al. [13] have succeeded in synthesizing Mn/MCS
catalysts and carrying out phenol degradation at a
concentration of 20 mg/L with peroxymonosulfate. Phenol
was degraded using Mn/Air-MCS, and the Mn/N,-mcs
catalyst reached 100% within 120 minutes. Yan et al. [14]
have succeeded in synthesizing CNT/MnO, by reducing
Pottasium Permanganate using CNTs. CNT/MnO, is used
as high-power, high-density supercapacitors. Prawiranegara
etal. [12] synthesized Mn/Carbon using Manganese Nitrate
with a carbon source from glucose and degraded methylene
blue solution at a concentration of 25 mg/L using
peroxymonosulfate.

In this study, RhB solution was treated using the AOP
method to produce sulfate radicals. HIS will be used as
catalyst support, reacting with Pottasium Permanganate. The
catalyst obtained will activate Peroxymonosulfate (PMS) to
degrade RhB. The use of HIS is an effort to develop the
utilization of toxic and hazardous waste that is harmful to the
environment.

2. EXPERIMENTAL

2.1 Material and Catalyst Preparation

Hydrocarbon-impacted soil (HIS) was obtained from
an oil field exploration in Riau province, Indonesia, and was
utilized without further treatment. RhB (C,3H,,CIN,O,)
and potassium permanganate (KMnO,) were obtained from

Merck, respectively. For peroxymonosulfate, PMS
(2KHSO,KHSO,K,SO,) was obtained from Sigma
Aldrich.
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HIS as a supported catalyst was prepared from two
different total petroleum hydrocarbons (TPH) contained in
the soil, namely high-TPH (H-TPH) and low-TPH (L-
TPH). Firstly, HIS will be dried at 120°C for 24 h and
crushed into particles as pretreatment. The particles were
calcinated in nitrogen using a tubular furnace with a
temperature of 5500C for 3 hours, and then the calcinated
contaminated soil was cooled using a desiccator. A fixed
amount of 1 g calcinated HIS reacted with 0.22 g potassium
permanganate. The mixture dissolved with 100 mL aquadest,
heated using a water batch at 50°C, and stirred for 6 hours.
The precipitate was washed with aquades three times. The
precipitate dried in an oven at 80°C for 24 hours. The
obtained catalysts were denoted MnO,@H-TPH and
MnO,@L-TPH. The synthesis of the catalyst is presented in
Scheme 1.

2.2 Characterization

The crystalline structure of supported catalysts (L- and
H-TPH) and catalysts (MnO,@L and MnO,@H-TPH)
were analyzed by XRD (X-ray Diffraction, Bruker D8
advanced equipped with a Lynx eye detector, Bruker-AXS,
Germany) operated at 40 kV and 30 mA. Nitrogen sorption
isothermal analysis (NOVA 4200e, Quantachrome) for
Brunauer-Emmett-Teller (BET) analysis to determine the
specific surface area and pore volume. Catalyst morphology
was determined using Field

Emission Scanning Electron Microscope (FESEM)
(JEOL Type JIB4610F). The morphologies of the catalyst
were observed using the field scanning electron microscope
(A JEOL JSM-6300F, USA). EDS, energy-dispersive X-ray
spectroscopy were also utilized to detect metal particles on
supported catalysts. TPH contained in the soil was measured
by GC with a flame ionization detector (FID).

2.3 Oxidation Processes
The dye used was RhB (RhB) with various
concentrations (S, 10, 20, and S0 mg/L) in a beaker with a

volume of 500 mL. The added
Peroxymonosulfate (PMS) with various concentrations

solution was to
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(0.5,1,2,and 3 g/L), then added to the catalyst with various
concentrations (0.05, 0.1, 0.2, 0.4 g/L). The degradation was
done for 180 minutes with a stirring speed of 400 rpm.
Sampling was performed every 15 minutes and centrifuged
(3000 rpm for 2 min). The absorbance value of the solution
was measured using a UV-VIS spectrophotometer.

3. RESULT AND DISCUSSION

3.1 Characterization of the Catalyst

The composition and some properties of the received
HIS are listed in Table 1. As can be seen, the support
material consists mainly of silica and aluminum and has
slight differences in calcium, magnesium, and potassium due
to the different soil sources.

Table 1 Composition and properties of supported and
catalysts.

L-TPH HoTpH  MRO:@L- MnO,@
Component (wto%)  (wt%) TPH H-TPH
(wt%) (wt%)
Carbon (C) 18.22 55.54 18.06 21.39
Silica (Si) S1.21 22.27 48.36 28.26
Aluminum
29.59 18.17 31.36 23.82
(AD)
Iron (Fe) 0.98 1.38 0.62 1.97
Calcium (Ca) - 0.74 - 0.95
Magnesium
0.36 - 0.35
(Mg)
Manganese
(Mn) - - 1.60 20.02
Potassium i 154 i 394

(K)

Fig. 1 shows XRD patterns of L-TPH and H-TPH and
their supported Mn catalysts. The predominant phase for
support is quartz and mullite with minor iron, calcium,
magnesium, nickel, and potassium. After KMnO, reacted
with both HIS, only one peak was observed at 20 28.85,
corresponding to the diffractions of MnO, (JCPDS No. 50-
0866, a = 4.437 A), possibly because of fine particles and
high dispersion [15]. The surface area and pore volume of
the support and catalyst were determined using the N,
adsorption-desorption method shown in Fig. 2. MnO,@H-
TPH has a higher surface area and pore volume (149.5 m?/g
and 0.208 cm?®/g) than others, while L-TPH has the lowest
surface area and pore volume. Furthermore, all catalysts have
pore radius between 20 A and 200 A, which means they are
mesoporous and macroporous materials. The support and
catalyst were identified as type IV isotherms with material
properties that have pores [16]. The surface area and pore
size of the catalyst and support can be seen in Table 2.

SEM micrographs and EDS spectra of MnO,@L-TPH
and MnO,@H-TPH, as well as Mn and other metals
elemental mapping, are shown in Fig. 3 and 4. Both catalysts
have an irregular shape with a particle size of 0.5 ym1$ pm
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(Fig. 3a and 4a). Some spherical-like particles are also
evident. EDS measurement displays the presence of
elements, as shown in Table 1, Fig. 3b and 4b. The catalyst
supports, namely Low TPH (L-TPH) and High TPH (H-
TPH), do not have the Mn element in their component
constituent (Table 1). HIS reacted with KMnO, resulting in
the MnO,@HIS catalyst having the element Mn. The
estimated Mn contents for MnO,@L-TPH and MnO,@H-
TPH were 1.6 and 20 wt%, respectively. According to
characterization, MnO,, as the significant Mn species, was
present on the surface of the Mn catalyst, and MnO,@H-
TPH showed a better Mn dispersion. Moreover, it was
discovered that Mn revealed a superior dispersion on
MnO,@H-TPH than MnO,@L-TPH.

Table 2 Surface area, pore volume, and pore radius of
catalyst.

Pore Volume Average Pore
1 2
Catalyst Sper (m /8) (V, cm?/g) Radius (A)
L-TPH 9.61 0.098 205.32
H-TPH 16.38 0.106 129.90
MnO,@L-
TPH 134.90 0.196 29.12
MnO,@H-
TPH 149.50 0.208 27.85

3.2 The Effect of the Different Catalyst

Fig. S shows the degradation of RhB concentration
with various catalysts as a function of time. MnO,@H-TPH
exhibited low adsorption of RhB at approximately 3%, while
PMS without catalyst provided RhB of
approximately 18% in 180 min. It was revealed that H-TPH
moderately activated PMS to produce sulfate radicals, with
RhB removal of about 21%. MnO,@L-TPH with PMS can
degrade RhB up to 39% in 180 min, while at the same time
duration, MnO,@H-TPH can reach 80.84% RhB removal.
For hydrocarbon-impacted soil containing high carbon
(Table 1), KMnO4 could form more MnO, than those
containing low carbon, resulting in a high eficiency of RhB
degradation. The reaction between KMnO, and Carbon
follows the redox reaction below.

removal

MnO,” + 4H* + 3e” > MnO, + 2H,O
2C+40H™ »2C*+2H,0+ O, + 4e”
2C*+2e™»2C

(1)
(2)
(3)

The manganese (Mn) content in the two samples had
different percentage values that contributed to PMS
activation. The reactions during the degradation process are
as follows [17].

HSO, "+ 2MnO, > Mn,0; + SO;~ + OH"
HSO;™ + Mn,0, > 2MnO, + SO, + H* (5)
$O,” +H,0 5 SO, + ‘OH + H (6)
RhB + SO, » [several steps], » CO, + H,O + SO>" (7)
RhB + SO¢~ > [several steps], > CO,+H,0 + SO,>" (8)

(4)
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Fig. 3. Morphologies of the MnO,@L-TPH . SEM images of samples (a), (b) EDS spectrum (area indicated yellow frame),
and the elemental mapping images (c) Mn, (d) Si, (e) Al (f) Fe and (g) C.
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Fig. 4. Morphologies of the MnO,@L-TPH . SEM images of samples (a), (b) EDS spectrum (area indicated yellow frame),
and the elemental mapping images (c) Mn, (d) Si, (e) Al (f) Feand (g) C.

Fig. 5. Dye removal of RhB removal with time in adsorption
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and catalytic oxidation. Reaction conditions: [RhB] =
mg/L; [catalyst] = 0.1 g/L; [PMS] =2 g/L; T = 30°C.

Saputra et al. [18, 19, 20] investigated the removal of
phenol by activating PMS heterogeneously through the use
of synthesis Mn oxides. They reveal that MnO, is responsible
for PMS activation. Some other investigations using MnOx/
SBA-1S5 to target anti-biodegradation drugs have been done

by Yang et al. [21]. They discovered that the surface electron
relocation between triple bond MnOx(OH)y species of
MnOx/SBA-15 and HSO;" of PMS was reliable
developing reactive oxygen radicals, thus promoting
ibuprofen degradation. Saputra et al. [22] studied the
removal of palm oil mill secondary effluent by activating
PMS through LaMnOj, perovskite. They found that Mn(IV)
is responsible for PMS activation. Hence, it is seen that
MnO,@H-TPH in this study with PMS has a similar
consequence in which SO, and SOy~ are critical roles for
dye removal. It was concluded that the MnO,@H-TPH
system was cheaper than the abovementioned one. Due to
MnO,@H-TPH's high performance, further tests on
MnO,@H-TPH were conducted to understand the impact
of operating conditions.

3.3 The Effect of the Different Concentration Catalyst

for

The removal of RhB as a result of catalyst loading is
observed in Fig. 6. The catalyst concentration was varied
with a range of 0.05 to 0.4 g/L to determine the optimum
mass concentration of the best catalyst. The degradation
process was done using a solution of 10 mg/L RhB and 2 g/
L PMS in 180 min. It shows that increasing the amount of
catalyst in the solution causes the efficiency of RhB
degradation to be more significant.
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As the loading of MnO,@H-TPH was 0.05 g/L, the RhB
degradation efficiency was 59%. It further increased the
catalyst to 0.1 g/L, and the removal efficiency increased to
80.84%. However, for catalyst loading 0.2 and 0.4 g/L, the
RhB degradation efficiency remains relatively stable after
180 min, at 76% and 81.43%, respectively. This indicates that
SO, and SOy~ radicals were not increased to remove dye
due to the amount of PMS being the same during the
reaction [23, 24]. This suggests that for MnO,@H-TPH, the
optimum catalyst concentration was 0.1 g/L because the
catalyst loading of 0.4 g/L has a relatively similar efficiency

value.
1.0
—m—0.05 g/L cat.
@ 0.10 g/L cat.
084 —&—0.20 g/L cat.
= ) —9— 0.40 g/L cat.
Q
€ s-
®
>
<]
£ 04 by
x
2
O 02 = 7
0.0 T T T T T T
0 30 60 90 120 150 180
Time (min)

Fig. 6. Effect of catalyst concentration on the degradation of
RhB. Reaction conditions: [RhB] =10 mg/L; [PMS] =2 g/
L; reaction temperature = 30°C.

3.4 The Effect of the Different Concentration PMS

Based on Fig. 7 adding PMS
significantly affects the dye removal of RhB degradation. As

concentration

can be seen, Increasing the PMS concentration used will
increase the amount of sulfate radicals formed. The highest
degradation of RhB can be achieved at 98% with 3 g/L PMS
in 180 min. However, more PMS added will reduce dye
removal efficiency due to inhibition, resulting in the
formation of SO 7, which is less effective than SO, ™ [25].

3.5 The Effect of the Different Concentration RhB

Fig. 8 shows that the difference in RhB concentration
affects dye removal efficiency. RhB concentrations were
varied with a 5-50 mg/L concentration range to determine
the effect on dye removal. The rate of removal was slower
with increasing concentrations of RhB. 90.6% degradation
efficiency of RhB was achieved within 180 min at RhB
concentration of 5 mg/L, while in the same duration of time
at RhB concentrations of 10, 20, and 50 mg/L, removal
efficiency 80.84%, 55%, and 20.5%, respectively. For various
RhB concentrations, the removal eficiency is conditional on
sulfate radicals. Due to the same concentrations of
MnO,@H-TPH and PMS, the sulfate radical concentration
produced in the solution will be the same. Therefore, a high
concentration of RhB in solution will require more time to
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obtain the same removal rate, thus reducing RhB
degradation efficiency [17, 26].
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Fig. 7. Effect of PMS concentration on the degradation of
RhB. Reaction Conditions: [catalyst] = 0.1 g/L; [RhB] = 10
mg/L; reaction temperature = 30°C.
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Fig. 8. RhB degradation with various concentrations.
Reaction conditions: [catalyst] = 0.1 g/L; [PMS] = 2 g/L;
reaction temperature = 30°C.

3.6 The Effect of the Temperature on RhB
Degradation
The temperature significantly affects chemical

reactions because of the energy involved in the overall
process, as illustrated in Fig. 9. It shows that a higher
temperature in the degradation of RhB will generally
increase the reaction rate [12,27]. At a temperature of 30°C,
RhB degradation would reach 80.84% at 10 mg/L in 180
min. For the temperature of 40 and 50°C, RhB degradation
efficiency were achieved at 89 and 91.5%, respectively. In
order to predict the kinetic rates, a general pseudo-first-
order kinetics for RhB removal was employed, as shown in
the equation below.

Lo (S/g,) = ~Hene ©)
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Where k_,,. is the apparent first-order rate constant of
RhB degradation, and C is the concentration of RhB at
different times (t). C, is the initial RhB concentration. Fig. 9
shows that the degradation of RhB followed the first-order
kinetics, and the rate of constants of the MnO,@H-TPH are
displayed in Table 3. Herein, the k,, is increased as the
temperature increases.

1.0
% A 30°C
® 40°C
H 50°C
= | WY~ e Pseudo-First order kinetics
o
e
w
>
]
£
0 o2 A Re.
OO T T T T T T T T T
0 20 40 60 80 100 120 140 160 180
Time (min)

Fig. 9. RhB degradation with various reaction temperatures.
Reaction conditions: [catalyst] = 0.1 g/L; [PMS] =2 g/L;
[RhB] =10 mg/L.

Table 3 First-order rate constant of RhB degradation (k)
on MnO,@H-TPH.

Temperature (°C) ko,  Activation energy (kJ mol?)
30 0.0098
40 0.0123 16.3
S0 0.0146

The activation energy of MnO,@H-TPH is obtained
using the Arrhenius plot of the rate constant and
temperature of the reaction. The activation energy of
MnO,@H-TPH is estimated at around 16.3 kJ/mol. The
activation energy is relatively low compared to the other
materials, such as cobalt-based tourmaline/La,—,Ce,Co0O,
(46.6k]/mol), Fe-Co layered double hydroxide (FeCo-
LDH) (59.71 kJ/mol), and LaMnO, perovskite (45.5 kJ/
mol). The comparison is presented in Table 4.

Table 4 Activation energy of various catalysts in AOP

reactions.
Activation energy
Catalyst (ig /mol) Ref
Tourmaline/
Lap-Co.CoD, 46.60 [28]
Fe-Co layered double

hydroxide (FeCo-LDH) 39.71 [29]

LaMnO, perovskite 45.50 [22]

Carbon aerogel 22.11 [30]
MnO,@H-TPH 16.30 This work
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4. Conclusion

MnO,@H-TPH catalyst has successfully
synthesized using hydrocarbon-impacted soil reacted with

been

KMnO,. The synthesized catalyst was used to degrade the
Rhodamine solution using PMS based on the AOP method.
Optimum results were obtained in degraded RhB solution
(10 mg/L) using MnO,@H-TPH with dye removal of 98%
using a catalyst with a concentration of 0,1 g/L and PMS
concentration of 3 g/L for 180 minutes. RhB degradation
reaction is described as a pseudo-first-order reaction with
the activation energy of MnO,@H-TPH of 16.3 kJ/mol.
Synthesized MnO,@HIS is expected to be one of the ways
to utilize hydrocarbon-impacted soil, making it a promising
alternative for utilizing hydrocarbon-impeded soil.
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