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Abstract

Two types of activated carbon (AC), namely Indonesian palm kernel shell-based AC (ZnCl,-AC)
and commercial AC, were introduced to activate persulfate (PS) for catalytic degradation of methyl
orange (MO) in water. This is the first attempt to apply the coupled sorption-oxidation kinetic model
to the kinetic data of MO removal in the PS/AC system. The PS activated by AC removed more MO than
the AC-only or PS activated by Fe?". In the PS/AC system, to get maximum MO removal (100%), the
use of commercial AC needed higher AC and PS dosages ([AC] = 185 mg L', and [PS] = 346 mg L)
than the use of ZnCl -AC ([AC] = 770 mg L, and [PS] = 1728 mg L™"). The MO removal in the PS/AC
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system fitted with the coupled sorption—oxidation kinetic model. Compared to the AC-only system,

the PS/AC system enhanced the oxidation mechanism but depressed the sorption mechanism. The O,

played a dominant role in the oxidation mechanism. The MO was degraded through demethylation,

carboxylation, ring opening, azo bond breakage, asymmetric cleavage, and aromatic ring removal.

Keywords: activated carbon, methyl orange, oxidation, persulfate, textile wastewater

Introduction

The textile industry is a long-established industry
in Indonesia. The textile industry has existed since
the seventh century and originated in central Java.
Indonesian textiles are one of the export commodities
that can potentially increase the country’s economy.
However, the activities of textile industries result in
wastewater. Textile wastewater has toxic and dangerous
chemical contents [1]. Apart from the toxicity concerns,
the textile industries generate a huge amount of this
waste, around 50 to 240 m? ton™! of textile products [2].
The characteristics of textile wastewater vary due to the
type and process of textile production, as well as the raw
materials used [3, 4].

Based on the survey studies, the textile industries
consume 164 (£81.8) L of water kg' of pre-dyeing
material and 136 (+£70.6) L of water kg' of dyeing
final products [5]. Dyes are the largest source of
textile wastewater. Dyes are also wusually used
in other industries, including cosmetics, leather,
pharmaceuticals, printing, paper, plastic, and food.
Synthetic organic dyes have become a major ecological
contaminant in polluted water because they have
characteristics of low biodegradation, chemical stability,
toxic and carcinogenic properties, and high aromaticity
[6, 7]. During the dyeing process, a large amount of dye
material (around 10-15%) is lost and discharged into the
water bodies [6, 8].

The dye molecule combines unsaturated organic
substances, chromophores (color carriers), and
auxochromes (color-fiber binders). Chromophores are
color-giving substances derived from chemical radicals,
such as nitroso groups, nitro groups, azo groups, ethylene
groups, carbonyl groups, carbon-nitrogen groups,
and sulfur groups. More broadly, dyestuffs comprise
unsaturated hydrocarbons, chromogens, auxochromes,
and additives (migration, leveling, wetting agents, etc.).
These unsaturated organic chemicals are primarily
derived from aromatic compounds and their derivatives
(toluene, benzene, xylene, anthracene, naphthalene),
phenols and their derivatives (phenol, orth/meta/para
cresol), and nitrogen-containing compounds (pyridine,
kinolin, and corbazolum). The dyes used in the textile
dyeing process are auxosomal groups made up of two
groups, namely cations (-NH,, NHR, -NR)), such
as NR, Cl, and anion groups (-SO,H, -OH, -COOH).
Various colors can be obtained by combining these

chemical radicals with other chemical compounds
[1, 9, 10].

One of the dyes widely used in the textile coloring
process is Methyl Orange (MO). MO, with a chemical
formula of C ,H ,N,NaO,S, is an anionic azo-type dye
widely utilized in the textile, papermaking, leather
tanning, and food manufacturing industries. It has the
potential to pollute the environment and enter the food
chain due to its water-soluble characteristics [7, 11].
Living organisms are affected by textile wastewater.
Therefore, it needs to be treated before being released
into the water body.

Textile industrial wastewater has been widely
treated using conventional techniques, such as chemical,
physical, and biological processes, and advanced
processes, including photocatalysis, bio-adsorbents, and
advanced oxidation processes (AOPs) [12-14]. However,
the massive production of photo-catalysts and the energy
consumption of nanobubble generators and plasma at an
industrial scale for producing reactive oxygen species
(ROS) are still not economically feasible. In terms of
low-cost implementation, persulfate (PS) can be used
as an oxidant in AOPs due to its affordable price for
industrial applications. Our previous studies reported
that the PS was effectively activated by Fe*" [15], colloidal
activated carbon [16], and electrochemical oxidation
[17] for acenaphthene, phenol, and 2-methylnaphthalene
complete removals, respectively. The benefit of these
activation studies is that the AOPs system showed
outstanding removal efficiencies up to 3-4 cycles, where
non-radical species (singlet oxygen, '0,) [18] and radical
species (SO,, "OH, and O,) of ROS played essential
roles in the degradation mechanisms.

Persulfate (PS) is widely used to degrade organic
contaminants in wastewater. The PS contains anion
S,0.> which can be activated by heat, Fe(II), colloidal
activated carbon, and electrochemical oxidation
to generate hydroxyl radical (‘OH), sulfate radical
(SO,7), and superoxide radical (0,”) [15, 16, 19, 20].
These radical species are effective in degrading
phenol and polycyclic aromatic hydrocarbons (PAHs),
such as 2-methylnaphthalene and acenaphthene, up to
75.2-100% [15, 17]. Among the activators, activated
carbon has many advantages, including relatively cheap
cost, substantial surface area, elevated adsorption
capacity, and reactivation ability [17]. The utilization
of activated carbon (AC) to activate PS for removing
some pollutants (pharmaceuticals, perfluorooctanoic
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acid (PFOA), and 1,4-dioxane) has been conducted
by previous studies [20, 21]. Based on the information
above, the utilization of activated carbon (AC) to
activate PS, which is then applied to remove MO in
textile wastewater, has not been investigated.

Activated carbon comes from carbonaceous raw
materials, namely coal, wood, coconut, and biowaste,
through two main processes: carbonization and
activation. Palm kernel shell (PKS), a solid waste
generated during palm oil manufacturing, has a high
potential for activated carbon production due to its
abundance. In a palm oil mill, approximately 65 kg
PKS is generated from every ton of fresh fruit bunches
and palm oil. In 2019, 17 million tons (Mt) of PKS
were produced from the total production of fresh fruit
bunches (FFB) of 256 Mt [22].

Using Indonesian palm kernel shell-based activated
carbon as an activator for PS in treating MO pollutants
is novel and attractive. In this method, two problems
can be solved simultaneously: palm kernel shell waste
and MO pollutants in wastewater. On the other hand,
the enormous production of PKS waste provides
a sustainable availability of the activated carbon raw
material. Thus, the current research intends to study the
catalytic degradation of MO in wastewater using PS with
the Indonesian palm kernel shell-based activated carbon
as an activator. Based on our best literature review, this
research is the first attempt to investigate the utilization
of PS activated by AC to remove MO. The Indonesian
palm kernel shell-based AC was prepared through
pyrolysis using ZnCl, as a modifier agent (symbolized
as AC-ZnCl). The ZnCl, was used to investigate the
influence of modification on the AC’s performance as
a catalyst. The performance of the AC-ZnCl, and the
commercial AC in removing MO was also compared.
The optimum ratio of AC and PS was determined.
The existence of radical species in the reaction was
identified wusing electron spin resonance (ESR).
The resulting byproducts of MO degradation were also
analyzed. Finally, the pathway of MO degradation was
proposed and discussed.

Experimental
Materials

Aqueous solutions of MO and stock solutions of PS
(100 mM) and Fe*" (100 mM) were made by dissolving
MO, sodium persulfate (Na,S,0,; >99%, ACS Reagent,
Sigma-Aldrich, USA), and ferrous sulfate heptahydrate
(FeSO,.7H,0; 98-100%, Duksan Pure Chemicals
Co., Ltd., Korea) in water, respectively. Zinc chloride
(ZnCl,; 98%, Extra Pure, Duksan Pure Chemicals Co.,
Ltd., Korea) was used as an agent for activated carbon
modification. The (FFA) commercial AC was purchased
from a local company in Indonesia. The synthesized
AC was produced from palm kernel shells, which were
obtained from a company in Indonesia.

Synthesis of Activated Carbon
from Palm Kernel Shell

The palm kernel shells were crushed to 40-60 mesh
size, then washed and dried before carbon activation.
The dried palm kernel shell was then placed in the
pyrolysis reactor with up to 10 g, and 1 g ZnCl,
was added. The activation process was carried out
for 30 minutes at temperatures of 700°C using N,
as a carrier at a flow rate of 200 mL/min [23, 24]. Further,
in this study, the resulting Indonesian palm kernel
shell-based AC was named ZnCl,-AC. HACH COD
reagents (Low Range (2-150 mg L) and High Range
(20-1500 mg L), Hach Company, USA) were utilized
to measure the chemical oxygen demand (COD). Formic
acid (liquid chromatography grade, 99.9%, Merck,
USA) and acetonitrile (liquid chromatography grade,
LiChrosolv®, Germany) were utilized as mobile phases
in HPLC-MS analysis. All ACS-grade chemicals were
utilized without further purification and dissolved in
distilled and de-ionized (DDI) water (MilliporeSigma™
Synergy™  Ultrapure Water Purification System,
Thermo Fisher Scientific, USA).

Physico-Chemical Properties of ACs

The BET surface areas (A,.,) were observed from
the N, adsorption-desorption data and fitted to the
Brunauer-Emmett-Teller (BET) model (Quantachrome,
Autosorb-iQ & Quadrasorb Si, USA). The surface
morphology was observed using field emission-
scanning electron microscopy (FE-SEM, JEOL JSM-
7001F, National Research and Innovation Agency of
Indonesia). The commercial AC and ZnCl,-AC particle
size distribution were measured using a dynamic light
scattering (DLS, Malvern Panalytical Ltd., Mastersizer
3000, UK).

Experimental Design and Procedure

The experimental design for MO removal in this
study consisted of three sub-experiments, namely i)
sorption, ii) degradation, and iii) sorption-degradation
(Table 1b).

Sorption of MO onto ACs

The AC with various concentrations of 770,
1384, and 1846 mg L' was put into 65 mL amber
bottles (Fisher Scientific, USA) with Teflon-faced
silicon septa (Kimble Chase, USA). They were then
filled with MO solution with an initial concentration
of 164 mg L™ (equal to 335 mg-COD L) without
a headspace to prevent the loss of MO due to
volatilization. The vials were horizontally shaken in an
orbital shaker at 25°C and 200 rpm. At predetermined
time intervals, the vials were removed from the
shaker. Control experiments without AC (i.e., the MO
solution-only) were also carried out to investigate
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Table 1. a) Physicochemical properties of MO, b) kinetic experiments of sorption, degradation, and sorption-degradation of MO, c)
physico-chemical properties of commercial AC and ZnCl,-AC, and d) the first-order sorption rate constant of MO.

a)

Parameter Structure/value

Molecular structure O/ N

pKa 3.47

Molar mass (g mol™) 327.33
Density (g cm™) 1.28
Solubility in water (mM) 15.3

Data obtained from: https://pubchem.ncbi.nlm.nih.gov/compound/Methyl-orange

b)
Sub-experiment AC PS Fe?*
Sorption 770-1846 mg L' - -
Degradation - 2592 mg L! 378 mg L!
Sorption-degradation 185-1846 mg L! 346-3460 mg L! -

Note. AC = activated carbon, PS = persulfate solution, Fe* = Fe?* solution
[MO] =164 mg L! (or 335 mg-COD L™"). Temperature = 25°C. Shaking speed = 200 rpm.

©)
Parameter Commercial AC ZnCl-AC
BET surface area (A, m* g") 266.53 122.79
Pore size (A) 13.5 20.7
d,, (um) 39.05 28.58
d)
AC Concentration (mg L") ke, C, R? SSE
770 6.168 130.9 0.988 465.9
Commercial AC 1384 11.64 153.3 0.998 71.18
1846 8.888 160.4 0.971 808.7
770 7.404 1333 0.990 369.2
ZnCl-AC 1384 5.439 138.4 0.989 385.3
1846 3.360 194.4 0.987 234.7

Note. AC = activated carbon

0
Units: K, =(h")and C = (mg-COD L)

sorp
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the loss of MO due to natural degradation and
adsorption onto glassware surfaces. Every experiment
was conducted in duplicate.

Degradation of MO in the PS/Fe** System

A PS concentration of 2592 mg L' and a Fe*
concentration of 378 mg L™ were put into 65 mL amber
bottles (Fisher Scientific, USA) with Teflon-faced silicon
septa (Kimble Chase, USA). The same procedures as in
Section 2.3.1 were then conducted. Control experiments
without PS (i.e., the MO solution-only) were also carried
out. Every experiment was conducted in duplicate.

Sorption-Degradation of MO in the PS/AC System

The AC and PS concentrations were varied to 4
variations, namely Variation 1: [AC] = 185 mg L' and
[PS] = 346 mg L', variation 2: [AC] = 770 mg L' and
[PS] = 1728 mg L, variation 3: [AC] = 1384 mg L' and
[PS] = 2592 mg L, variation 4: [AC] = 1846 mg L
and [PS] = 3460 mg L. Each variation was put into
65 mL amber bottles (Fisher Scientific, USA) with
Teflon-faced silicon septa (Kimble Chase, USA). Then,
the same procedures as in Section 2.3.1 were conducted.
Control experiments without AC and PS (i.e., the MO
solution only) were also carried out. Every experiment
was conducted in duplicate.

Analyses
Level of pH

The pH levels were recorded using a digital pH meter
(Orion 3 Star pH Benchtop, Thermo Scientific, USA).

Concentration of COD in the MO Solution

The COD concentration in the MO solution was
measured using the closed reflux-spectrophotometry
method. Before the analysis, the liquid sample was
filtered using a 0.45 um polytetrafluoroethylene syringe
filter (PTFE membrane, ¢ = 25 mm, Whatman, USA).
Then, 2 mL of the filtered sample was immediately
mixed with 2 mL of HACH COD reagent. The mixture
was heated for 2 h at 150°C and cooled before analysis.
After cooling, the mixture of aqueous samples and
HACH reagents was analyzed using the HACH
instrument to measure the COD concentration. Hence,
the unit of the COD concentration in the MO solution
was mg-COD L.

HPLC-MS and ESR Analyses

The intermediate products of MO degradation were
analyzed using an HPLC (Agilent Technologies, 1200
series, USA) coupled to a mass spectrometry system
(Agilent 6410 QQQ, USA) with an electrospray interface
as a supported ion source in the positive and negative

ion modes and connected to a Kinetex CI8 column
(100-mm length, 2.1 mm i.d., and 2.6 pm thickness,
Phenomenex, USA) at 30°C. A linear gradient of the
mobile phase comprised of 50% of a 0.1% formic
acid solution (liquid chromatography grade, 99.9%,
Merck, USA, solvent A) and 50% acetonitrile
(liquid chromatography grade, LiChrosolv®, Germany,
solvent B). The injection volume of the sample
was 20 uL. The flow rate for the mobile phase was set
at 0.3 mL min”'. The additional parameters included
the interface, and curved desolvation line voltages were
4.5 kV and 125 V, respectively; the nebulizer gas flow
rate was 3 L min'; the drying gas flow rate was 10 L
min~'; the heat block temperature was 300°C; and the
desolvation line temperature was 350°C [16]. The mass
spectrometry system’s quantitation limit was 1 ng mL™,
with mass-to-charge (m/z) ratios of 100 and <2000 for
the lower and upper limits, respectively.

The presence of radicals, such as superoxide radical
(0,7), was analyzed by mixing a 10-mL aqueous
sample with 2 mL of 100 mM 5,5-dimethyl-1-pyrroline
N-oxide (DMPO, 98.0%, Sigma-Aldrich, USA) or
2,2,6,6-tetramethylpiperidine (TEMP, 95%, Sigma-
Aldrich, USA) as spin trapping reagents prepared in
10 mM phosphate buffer at pH 7 [25]. The radicals were
identified using an electron spin resonance (ESR, JES-
TE300, Jeol, Japan) spectrometer with the following
conditions: a sweep width of 10 G, modulation amplitude
of 250 G, modulation frequency of 100 KHz, microwave
power of 2.0 mW, a resonance frequency of 9.42 GHz,
a sweep time of 120 s, and a time constant of 100 ms.

Modeling

Since the first-order kinetic model is associated with
surface-reaction kinetics, it was employed to match the
sorption data [26, 27]. The equation of the model is
shown in Eq. (1).

CO=Ce™+C -

where C(1), C,, and C, are the MO concentration
(mg-COD L) at time ¢ (h), time 0, and equilibrium,
respectively. The kowp is the first-order rate constant
for sorption-only (h™). Generally, the MO is degraded
by the reactive oxygen species produced from the
activation of the oxidant. Since the amount of oxidant is
excessive, the kinetic reaction follows the pseudo-first-
order kinetics.

MO + ROS 2 Product )

In general, the degradation kinetic model is
presented in Eq. (3).

— —kpst
C(t)=Cpe 3)
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where k°, is the lumped rate constant (h™), including
oxidation [28, 29] and sorption [30], in the presence of
AC-only.

In our previous research, a coupled sorption—
oxidation kinetic model was developed [17]. The
equation of the model is shown in Eq. (4).

k, C

C(t) _ Coe—(kmrp +kpg )t n sorp e (1 . e—(ksorp +kpg )t )
k. + kkPS

sorp
“

where kwp is the first-order sorption rate constant in the
simultaneous presence of AC and PS (h™), and &, is the
first-order oxidation rate constant in the simultaneous
presence of PS and AC (h™). The commercial software
package TableCurve 2D® (Version 5.1, SYSTAT
Software, Inc.) was used to determine the kinetic model
parameters.

Results and Discussion

Physico-Chemical Properties
of Commercial AC and ZnCl,-AC

The physico-chemical properties of commercial
AC and ZnCl,-AC, such as A, pore size distribution,
and particle size distribution, are shown in Table Ic).
The A, of commercial AC (266.53 m* g, Fig. 1a) was
larger than that of ZnCl-AC (122.79 m* g, Fig. 1b).
However, the pore size of commercial AC (13.5 A) was
slightly lower than that of ZnCI,-AC (20.7 A).

The AC’s morphologies resulting from SEM analysis
are shown in Fig. 1(c-j). The particle size of commercial
AC ranged from 10 to 50 um (Figs 1(c-d)), whereas that
of ZnCl -AC ranged from 20 to 500 pum (Figs 1(g-h)).
Furthermore, the ZnCl,-AC was more porous than
commercial AC. The pore sizes of both commercial
AC (Figs 1(e-f)) and ZnCl -AC (Figs 1(i-j)) were almost
similar in the range of 20-30 pm, which were categorized
as mesoporous. The SEM results were consistent with
the DLS analysis (Fig. 2). The particle size distribution
(d,) of both commercial AC and ZnCl-AC was at
39.05 um and 28.58 pm, respectively (Table Ic). During
pyrolysis, ZnCl, evaporation caused more mesopores
to form on the ZnCl,-AC surface [23, 24]. This process
also leads to the formation of a larger particle size
of ZnCl,-AC than the commercial AC due to the
agglomeration after ZnCl, evaporation.

Sorption Kinetics of MO onto ACs

The MO kinetic sorptions onto ACs were conducted
at various AC dosages (Figs 3(a-b)). For commercial AC,
using AC concentrations of 770, 1384, and 1846 mg L'
resulted in MO removal efficiencies of 58.3%, 56.8%,
and 66.1%, respectively. Then, for ZnCl -AC, using AC
concentrations of 770, 1384, and 1846 mg L' resulted

in MO removal efficiencies of 41.7%, 60.3%, and 64.1%,
respectively. It shows that the removal efficiency of MO
sorption increased as the AC dosage was enhanced
from 770 mg L™ to 1846 mg L' within 2 h, both
for commercial AC (58.3-66.1%) and ZnCl-AC
(42.9-64.1%). This shows that commercial AC resulted
in a higher MO removal efficiency than ZnCl,-AC
because of the higher BET surface area of commercial
AC than that of ZnCl,-AC.

The sorption-only data fitted to the first-order
sorption kinetic model (Eq. (1)), and the fitted model
parameters are shown in Table 1d). The kowp values
of MO sorption onto commercial AC increased from
6.168 h™' to 11.64 h™ as the AC dosage increased from
770 mg L™ to 1384 mg L. However, the k° ~ value
reduced to 8.888 h™! when the AC dosage was enhanced
to 1846 mg L~'. Meanwhile, for ZnCl,-AC, the highest
komp value was achieved at the AC dosage of 770 mg L
(7.404 h™"). Furthermore, the k°  values decreased as
the AC dosage increased to 1846 mg L. This finding
showed that the optimum equilibrium of MO sorption
onto commercial AC was achieved at the AC dosage of
1384 mg L', whereas that onto ZnCl -AC was at the AC
dosage of 770 mg L. The difference in AC dosage for
reaching the optimum sorption equilibrium was affected
by the AC modification by ZnCl,. The ZnCl, filled the
AC mesopores, causing a decrease in the available
active site. This condition leads to the competition
between MO and ZnCl, for the active site, inhibiting
MO sorption on the AC surface.

Sorption-Degradation Kinetics
Using AC-Activated PS

The MO was treated in the PS/AC system using
various AC and PS concentrations. Before the sorption-
degradation kinetic experiment, the PS-only system was
tested to investigate the effect of PS on MO removal.
The preliminary experiment showed that the PS-only
did not affect the MO concentration. Four variations of
AC and PS concentrations were shown in Table 2a), and
for commercial AC, variations 1, 2, 3, and 4 resulted in
MO removal efficiencies of 73.6%, 93.9%, 90.1%, and
100%, respectively. Then, for ZnCl,-AC, the use of AC
concentrations of 770, 1384, and 1846 mg L™ resulted
in MO removal efficiencies of 100%, 94.4%, 89.9%,
and 100%, respectively (Figs 3(c-d)). As the AC and PS
concentrations increased from variation 1 to variation 4,
the MO removal efficiencies increased in the range
of 73.6-100% for commercial AC and 89.9-100% for
ZnCl-AC within 2 h of reaction.

The surface functional group of activated carbon
activates the persulfate and generates a sulfate radical
(SO,"). The sulfate radical then attacks the water
molecule to become a hydroxyl radical and initiates
the chain reaction that generates other reactive oxygen
species, such as superoxide radicals [31, 32].
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In our previous study, Eq. (1) was combined with
the degradation kinetic model (Eq. (2)), resulting in
a coupled sorption-degradation kinetic model, as
represented in Eq. (3) [17]. The experimental data of
MO removal using AC-activated PS fitted to the coupled
sorption-degradation kinetic model and the fitting
model parameters are presented in Table 2a). In the
PS/AC system, the removal mechanism was dominated
by the oxidation by AC-activated PS compared to
the sorption by AC-only, as indicated by the higher
ks values than the kwp values, both for commercial
AC (k. = 5.058 — 6.447 h™', k , = 0.375 - 0.701 h™)

sor)

and ZnCl,-AC (k,, = 4703 — 5.601 h™, k= 0.254
— 0.384 h™").Compared to the AC-only system, the
presence of PS activated by AC almost transformed
the removal mechanism completely from sorption to
oxidation, as indicated by the drastic decrease of kowp
values, both for commercial AC (from kowp = 6.168
— 11.64 h! to become k,, = 0.375 — 0.701 h™) and
ZnCl,-AC (from k° = 3.360-7.404 h™' to become
k,,, = 0.254 — 0.384 h™). This result indicates that the
PS/AC system enhanced the oxidation but depressed the
sorption mechanism of MO removal. For commercial
AC, the optimum MO removal (73.6%) was achieved
at [MO] = 164 mg L, [AC] = 185 mg L7, and [PS]
= 346 mg L. Meanwhile, for ZnCl,-AC, the optimum
MO removal (94.4%) was accomplished at [MO]
=164 mg L, [AC] =770 mg L™, and [PS] = 1728 mg L.
This result explains that using commercial AC for
activating PS requires much less AC and PS dosages

than using ZnCl,-AC.
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Table 2. a) The coupled sorption-degradation rate constant of MO and b) estimated cost for treating 2400 m?* of MO-containing wastewater.

a)
AC Variation | ¢ C(‘I’::;’in_tf)aﬁon PS c("é:;eﬁff;‘ﬁ‘m ko kps R? SSE
1 185 346 0.701 6.447 0.997 188.2
Commercial 2 770 1728 0.456 5.782 0.984 1179
AC 3 1384 2592 0375 6.546 0.997 263.6
4 1846 3460 0.467 5.058 0.916 5859
1 185 346 0.367 5.057 0.956 3321
2 770 1728 0.384 5.601 0.995 465.7
ZnCl,-AC
3 1384 2592 0.290 4.703 0.990 879.9
4 1846 3460 0.254 5.120 0.961 2985
Note. AC = activated carbon
Units: ke, = (h")and k,; = (h™)
b)
Amount Price per Kg (USD) Total Price (USD)
Commercial AC 185 g x 2400 m® = 444 kg 3.87 1,721
Potassium persulfate 346 g x 2400 m* = 830.4 kg 1.87 1,555
Total cost 3,271
Total cost per m? wastewater 1.36

Comparison of MO Removal Using
PS/AC, AC-only, and PS/Fe*" Systems

The MO removal efficiency of different systems
(PS/AC, AC-only, and PS/Fe*") was compared. In the
PS/Fe** system, our previous study showed that the
optimum molar ratio of PS:Fe** for oxidizing phenol was
achieved at the PS:Fe*" of 2:1 [16]. Therefore, this PS:
Fe** molar ratio was used in this study. The change in
MO concentrations during the PS/AC, AC-only, and PS/
Fe** systems is shown in Figs 3(e-f). In summary, for
commercial AC, the MO removal efficiencies were in
the order of PS/AC (90.1%)>AC-only (56.8%)>PS/Fe**
(23.8%) within 2 h. Meanwhile, for ZnCl-AC, the
MO removal efficiencies were in the order of PS/AC
(89.9%)>AC-only (60.3%)>PS/Fe*" (23.8%) within 2 h
(Figs 3(e-f)). These results indicated that the PS/AC
system showed the best performance in removing MO
compared to the AC-only and PS/Fe** systems, where
the commercial AC showed a slightly better performance
than the ZnCl -AC.

Activated carbon performs better in activating
persulfate than iron. This may be due to iron itself
scavenging sulfate radicals [33].

S,02" + Fe?* — S0;~ + Fe3* + S03~
Fe?t +S0;™ - Fe3t + S0%~

Previous studies reported that AC could effectively
activate PS for the degradation of organic compounds,
such as acetaminophen, sulfamethoxazole, and
nitrophenol [21, 34, 35]. Acetaminophen concentration
was significantly reduced when activated carbon was
applied in persulfate oxidation [21, 34], demonstrating
a more significant removal of sulfamethoxazole in
the PS+AC system compared with AC only. Similar
results were also observed by [35], in which the
removal of nitrophenol could be enhanced by activated
carbon addition in the persulfate process. The highly
porous surface of activated carbon could act as an
electron-transfer mediator in activating persulfate,
generating sulfate radicals, which results in the effective
degradation of organic compounds.

Radical Investigation

The presence of radical species was investigated
using an ESR spectrometer coupled with 5,5-dimethyl-
1-pyrroline N-oxide (DMPO) as a spin-trapping agent.
Figs 3(g-h) show the ESR analysis results. A control
experiment was conducted by analyzing PS-only
(Figs 3(g-h)); black line); no radical signal was detected.
In the Figure, the DMPO-O, signal appeared, whereas
no other signal was discovered. This result is consistent
with our previous study, revealing the presence of O,
as the predominant radical species generated from the
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PS activation by AC material (i.e., colloidal AC) [16]. in the PS/AC system. The commercial AC produced
In addition, the intensity of the DMPO-O,~ signal more O, than the ZnCl-AC because the commercial
generated from commercial AC-activated PS was higher AC has larger active sites for generating O, from PS

than that from ZnCl,-AC-activated PS. This result than the ZnCl -AC.
indicated that the O, was the dominant radical species
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Fig. 3. Sorption kinetic of MO using a) commercial AC and b) ZnCL-AC ([AC] = 770, 1384, and 1846 mg L™), sorption-degradation
of MO in the PS/AC system c) commercial AC and d) ZnCl-AC (Variation 1: [AC] = 185 mg L™ and [PS] = 346 mg L™'; variation 2:
[AC] =770 mg L™" and [PS] = 1728 mg L"; variation 3: [AC] = 1384 mg L' and [PS] = 2592 mg L'; variation 4: [AC] = 1846 mg L'
and [PS] = 3460 mg L"), MO removal at various system e) commercial AC and f) ZnCL-AC ([AC] = 1384 mg L', [PS] =2592 mg L',
and [Fe*]=378 mg L"), and ESR spectra in the PS/AC system g) commercial AC and h) ZnCl-AC (JAC] = 1384 mg L™, [PS]=2592mg L',
and [DMPO] = 100 mM in 10 mM phosphate buffer at pH 7). [MO] = 164 mg L. C(t) is MO concentration (mg-COD L™). Reaction time
was within 2 h at 25°C and 200 rpm.
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Analysis of Byproducts and Degradation
Pathways

The byproducts of MO degradation in the PS/
AC system were identified using HPLC-MS with an
electrospray interface as a supported ion source in

positive and negative ion modes. The analysis results
are shown in Fig. 4. The initial MO components were
detected at m/z of 372, as depicted in Fig. 4a). The
predominant product component from the PS/AC system
was detected at m/z of 104 (Fig. 4b), referred to as
hydroxyl aniline or aminophenol [36, 37]. Fig. 4c) shows
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Fig. 4. LC-MS analyses of MO a) before oxidation, and byproduct after oxidation in the PS/AC system using b) commercial AC

and ¢) ZnCL-AC. [MO] = 164 mg L', [AC] = 1384 mg L™, [PS]

=2592mg L.
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the predominant product component of MO degradation
has m/z of 192.

The MO degradation pathway is proposed in Fig. 5.
Here, the hydroxyl aniline could be formed via
the asymmetric breakage of MO. Precedingly, the
asymmetric cleavage of the MO chain structure formed
2 components of 4-dimethylamino phenol (E, m/z = 140)
and 4-diazenylbenzene sulfonic acid (G, m/z = 183)
[38]. The nitrogen double bond in 4-diazenylbenzene
sulfonic acid, then broke to form the component
sulfanilic acid (H, m/z = 173) and continued to form
benzene sulfonic acid (I, m/z = 165). Meanwhile, the
demethylation of 4-dimethylamino phenol produced
hydroxyl aniline compound (F, m/z = 104) as the
predominant product. The detection band at m/z = 304
to 393 was from hydroxylation, followed by successive
demethylation of the MO compound. The hydroxylated
MO (J, m/z = 313), then demethylated (K, m/z = 304),
dehydroxylated (L, m/z = 274), and deaminated (M, m/z
= 258) before the removal of its aromatic ring to become
4-diazenylbenzene sulfonic acid (G, m/z = 183) [39].
The byproduct at m/z of 192 may come from the linear
chain of COOH(CH,).N(COOH)(OH) that is depicted
as component D (m/z = 183) [40]. The carboxylation
of demethylated MO (B, m/z = 304) formed the
carbonylated MO (C, m/z = 258) before opening
its ring to become COOH(CH,)/N(COOH)(OH).
Overall, the intermediate products from ring opening,
demethylation, azo bond breakage, and aromatic ring
removal processes were converted to carbon dioxide and
water.

0
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Potential Application of PS/AC System
for Wastewater Treatment in the Textile Industry

The use of the PS/AC system for MO removal in
textile industries was estimated based on the optimum
kinetic experiments (Figs 3(a-b) and Table 2a). Based
on the results in Figs 3(a-b), the commercial AC
was better than ZnCl-AC for MO degradation on
the industrial scale because the highest kxorp and £,
values were achieved at the lowest AC and PS dosages
([PS] = 346 mg L', [AC] = 185 mg L"), where the MO
removal efficiency achieved 85% within 30 min.

For every 1 m? of MO-containing wastewater, 185 g
of commercial AC and 346 g of potassium persulfate are
needed. On average, for every 1 ton of textile product,
around 200-300 m® of freshwater is used [5], where
3000 m® of freshwater will be used to produce 10 tons
of textile. Uddin et al. [5] reported that about 80% of the
freshwater used in the production process is converted
to wastewater, which equals 2400 m*® of MO-containing
wastewater. Recently, the quality standard for disposing
of treated textile wastewater in Indonesia includes
COD at a maximum concentration of 250 mg L™ [41].
In this study, the initial MO concentration of 164 mg L™
equals 335 mg L™ COD, which is above the maximum
COD standard for discharge to the environment. To
reduce 85% of COD concentration (i.e., up to 50 mg L~
COD based on our kinetic study), the estimated cost
for treating 2400 m*® of MO-containing wastewater
with commercial AC and potassium persulfate is
approximately IDR 50,721,600 (USD 3,270) or equal to
IDR 21,134 (USD 1.36) per m® of wastewater (Table 2b).
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Fig. 5. Degradation pathway of MO in water by PS/AC system.
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The calculation is estimated in a batch system with
a removal efficiency of 85% within 30 min. In industrial
applications, the continuous stirred tank reactor (CSTR)
is the best candidate for MO-containing wastewater
treatment, equipped with mixing and sedimentation
tanks. The CSTR is a cylindrical shape with a diameter

of 8 m and a height of 4 m, resulting in an area
of 50 m? and a volume of 200 m?>. Therefore, this reactor
can handle 2400 m® of wastewater within 12 h of
operational time.

In comparison, an active sludge through biological
reaction can be used as an alternative to treat MO.

Table 3. Comparison of removal efficiencies of dye in this study and the other studies

No.

Removal mechanism

Optimum condition

Removal efficiency (%) Ref.

MO

C,= 164 mgL"

Commercial AC =185 mg L'

PS=346 mgL"'
Temp =25°C
t=1h
and
C,=164mgL"

ZnCL-AC =770 mg L™

PS=1728 mgL"!
Temp =25°C
t=1h

91.3 (commercial AC)
and This study
92.1 (ZnCL-AC)

Anthraquinone, i.e., Acid
Blue 129

C,=25mgL"

PDS/PMS =2.50 mM
UV =416 kWh m order™! 88 [43]

Temp =21°C
t=15min

Methylene blue (MeB),
methyl orange (MeO),
rhodamin B (RhB)

C,=30uM
PS=1mM
UV =250 pW cm™
Temp =25°C
t=15min

100 [44]

Acid orange 7 (AO7)

C,=50mgL"
Biochar=1gL"!
PDS =20 mM
pH=6
Temp = 25°C
t =20 min

98-99.2 [45]

Brilliant green (BG), eosin
yellow (EY)

C,=10mgL"

Catalyst (PWC)=2gL!

PMS=2gL"
Temp =25°C
t=2h

100 [46]

MO

C,=25mgL"
ZrO,=1gL"!
PS=250mgL"'
pH=7
Temp =25°C
t=10 min

99 [47]

Disperse blue (DB), indigo
blue (IB), reactive red (RR)

C,=25mgL"

FeSO,7H,0=10gL"

PS=8gL"
pH=7
Temp =25°C
t= 60 min

96.25-96.73 [48]

RB222

C,=25mgL"
Fenton=10.17 g L"!
PMS=0.1gL"
pH=6.5
Temp =25°C
t=60 min

85.66 [49]
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However, the biological process requires a long
retention time of around 19-48 h [42]. This reaction is
40 times longer than the AC sorption process, requiring
a 40 times wider area of the 50 m?>-CSTR. Therefore,
using AC combined with PS is the best choice in the
limited industrial area. Various methods, such as
biological regeneration, wet oxidation regeneration,
solvent regeneration, electrochemical regeneration, and
catalytic wet oxidation, can regenerate the saturated AC
in the CSTR reactor.

Limitations of this Study and Future
Prospects of PS/AC System for Research
and Industrial Application

Indonesia’s government aims to promote green
technology in all industrial fields. Wastewater treatment
technology is one of the targets that is being addressed by
developing sophisticated technology, and its application
does not require large areas of land. As the rate of
industrialization increases and the population increases,
area or land becomes expensive. For this reason,
future research prospects will be more concentrated
on wastewater treatment technology that can reduce
pollutants in a relatively short time, such as research
on applying plasma technology, advanced oxidation
processes (AOPs), and chemical and electrochemical
processes. The research in this paper uses active carbon
and persulfate, which have been proven to reduce MO
in a short time. Using activated carbon to reduce MO
compounds is not limited to textile wastewater but
can also be applied to treat wastewater from the paper
industry, leather tannery, and food industry because this
industrial wastewater also contains MO compounds.
The removal efficiency of MO was compared to those
in other studies of dye removal, as shown in Table 3
[43-49]. The experimental research in this study is still
superior in terms of removal efficiency, usability, and
low cost compared to other studies about dye removal
using sorption or oxidation.

One of the interesting things in this study is the
application of Indonesian palm kernel shell-based
activated carbon (ZnCl,-AC) as an activator for PS in
removing MO. However, the use of commercial AC
still gave a higher performance than ZnCl,-AC for MO
degradation because it required a lower dosage than
the use of ZnCl,-AC. Even so, the results of this study
are essential for the next research. The characteristics
of Indonesian palm kernel shell-based activated carbon
need to be improved by investigating the operating
conditions of the pyrolysis and activation process. When
the characteristics of the Indonesian palm kernel shell-
based-activated carbon improve, it can be more suitable
as an activator for PS in treating MO pollutants. In
addition, the other operating conditions in the persulfate-
based advanced oxidation process need to be optimized
to get the highest MO removal efficiency, such as
temperature and agitation speed. Researchers worldwide
are currently developing advanced and effective water/

wastewater treatments that are suitable for development
in various countries. The results of this research can be
used to create a wealth of knowledge and research.

Conclusions

The use of commercial AC and ZnCl,-AC combined
with PS to remove MO in water was investigated. The
PC/AC system was superior in removing MO compared
to AC-only and PS/Fe?* systems. In the PC/AC system,
the commercial AC was more advantageous than the
ZnCl-AC for MO removal due to the lower dosage of
commercial AC. The optimum removal condition for
commercial AC was achieved at [MO] = 164 mg L
(or 335 mg-COD L7) [AC] = 185 mg L™, and
[PS] =346 mg L', and for ZnCl,-AC was accomplished
at [MO] = 164 mg L7 (or 335 mg-COD L7),
[AC] = 770 mg L7, and [PS] = 1728 mg L.
The individual sorption fitted to the first-order
kinetic model, whereas the sorption/degradation data
followed the coupled sorption—oxidation kinetic model.
The PS/AC system enhanced the oxidation mechanism
but depressed the sorption mechanism, as indicated
by higher komm values than the k_ values. Moreover,
the O, radical species contributed dominantly to the
oxidation mechanism. The HPLC-MS detected various
byproducts, indicating several degradation pathways,
such as demethylation, carboxylation, ring opening, azo
bond breakage, asymmetric cleavage, and aromatic ring
removal, before mineralizing MO to carbon dioxide and
water. In addition, the use of commercial AC combined
with PS is estimated to be suitable for MO removal on
an industrial scale compared to the biological process,
attributed to the rapid removal time. The results of this
study have crucial implications for wastewater treatment
in textile industries by utilizing radical species from
AC-activated PS for various dye contaminants. In the
future, the application of this study will be one of the
best options for wastewater treatment, especially in
textile industries.
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