Iran. J. Chem. Chem. Eng. (IJCCE)

Research Article

Agro Waste Derived Activated Carbon as a Catalyst
in Red-2G Degradation Process Optimized
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ABSTRACT: Red-2G is considered a non-biodegradable azo dye by United States environmental protection
agency (EPA) as it is resistant against biological degradation. Here, a new method is presented to prepare
activated carbon (ACP-850) using thermally treated pistachio nutshell and potassium oxalate as precursors to
accelerate the dye degradation process with peroxymonosulfate (PMS) as oxidation agent. Having a high
surface area (2318 m?(g) and low-cost precursors, and the achievement of recyclable, biodegradable, and
agricultural solid wastes are among the benefits of the proposed method. Also, the definitive-screening design
approach is performed to evaluate the role of independent variables in degradation efficiency of PMS/ACP-850
system. Minitab response optimizer indicates the possibility of achieving a response value of 100% through the
use of a factorial blend of PMS=3.0 mM, pH=3.0, ACP=1.0 g/L, and time= 80 min at room temperature for
Red-2G concentration of 60 mg/L as optimum conditions. Furthermore, complete degradation of Red-2G with
a higher concentration (170 mg/L) to H,O and CO; as eco-friendly compounds occurs under following
condition: PMS=6.0 mM, pH=3.0, ACP=2.0 g/L, and time= 180 min at a temperature of 55 °C,. Radical
quenching experiments prove that sulfate anion radical (SO4~) and superoxide anion radical (O") play key roles
as reactive species in the PMS/ACP-850 system at acidic and basic conditions, respectively. Reusability
investigation confirms that ACP-850 can be frequently utilized to degrade dye from the contaminated solution.
The LC/MS/MS and UV-VIS spectrometry analysis results along with mineralization rate demonstrate the
effective possibility of decomposing Red-2G by the PMS/ACP-850 system.

KEY WORDS: Design of experiment; High surface area activated carbon; Peroxymonosulfate;
Pistachio nutshell; Potassium oxalate; Red-2G.
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INTRODUCTION

One of the major sources of environmental pollution is
considered to be from the textile industry. In this regard,
azo dyes have been among the main pollutants existing in
the textile sewage [1, 2]. Different kinds of dyes are
utilized in textile industries due to different features such
as unique color, resistivity and varying performance
because of the divers functional groups in the dye
molecules. Red- 2G (Acid Red 1) is an aryl azo naphthol
compound (Figure 1), as included among eleven non-

biodegradable azo dyes introduced by United States
environmental protection agency (EPA) arising from its
resistivity toward biological degradation by the activated
sludge process [3, 4].

Azo dyes are decomposed to aliphatic and aromatic
amines, acting as carcinogenic and mutagenic for living
organisms [5]. Thus, structural stability and bio-toxicity of
these organic dyes make it vital to develop eco-friendly
approaches to reducing or degrading dyes and dyestuffs
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Fig 1: Red-2G

in various kinds of wastewater samples.

Advanced oxidation processes (AOPs) have been
proposed to replace conventional industrial wastewater
treatment, attracting considerable attention owing to their
high degradation efficiency for resistant and bio-
recalcitrant organic pollutions [6, 7], and their mechanisms
are mainly related to the role of sulfate and hydroxyl
radicals in the degradation process [8-12]. There are two
approaches to accomplish AOPs: one is the in situ
generation of radicals, and the other is the reaction of
radicals with biological or organic pollutants [13]. These
approaches are based on the utilization of different
oxidant, catalyst and radiation such as photo catalysts [14-
17], magnetic photocatalyst [18], TiO; [19-21],TiO;
semiconductor with SnO; [22, 23], ZnO [24, 25], green
nanocomposites such as Ni/FesOs@Nanocellulose[26]
ozone [27, 28] hydrogen peroxide [29, 30], electro-
peroxone process [31, 32], electrocatalytic degradation
[33], peroxymonosulfate (PMS) or persulfate [7, 34-36],
metal catalysts [37-40] or combination of ultraviolet (UV)
radiation with other oxidants and catalysts [41-43].

Activated carbon as a kind of carbonaceous adsorbent
has shown specific properties, including easy handling,
large specific area and appropriate performance in the
removal of dyes [44, 45]. In this regard, researchers have
focused on them while some problems including the small
removal efficiency, expensive reagents and disposal of
toxic sludge materials restrict the applications of activated
carbon. Accordingly, growing low-precursors for making
activated carbon will be of higher effectiveness and
favorability. In fact, carbonaceous-based materials (acting
as green catalysts) decreased the application of other kinds
of oxidant activator (e.g., expensive and toxic metals and
metal oxides).
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Pistachio nutshells (PNSs) are by-products of
pistachios; being one of the popular nuts worldwide and
belonging to the cashew family [46]. Pistachio can
withstand harsh weather circumstances. Iran is one of the
most important pistachio tree growing countries in the
world as well as the first producer of this product in the
Middle East and Asia. On the basis of previous statistics,
the area under pistachio cultivation exceeds 300,000
hectares in Iran. At the moment, Iran is considered the
main pistachios producer in the world. Therefore, the
disposal of the waste materials extracted from processing
and cultivation presents an important challenge annually
[47]. In fact, around 30x10° tons of pistachio green shell
are generally discharged as solid waste by-products
materials [48].

In a previous work, crushed pistachio nut shell and
potassium oxalate salt with less corrosiveness and easy
controllability (acting as an activating reagent) were used
to synthesize activated carbon at 800°C for 2 h under
nitrogen purging with one variable at a time methodology
[47]. Additional benefits of potassium oxalate are
producing large surface area with a product yield of almost
two times higher than that of KOH activator [49, 50]. The
performance of the degradation process depends on many
factors, so the study of the variable effects requires many
experiments to be performed in the one variable at a time
methodology as a conventional way [51, 52]. To prevail
these conditions, one can utilize statistical design methods,
including Doehlert, Box—Behnken and central composite
rotatable designs, which are the most common approaches
[53]. As a disadvantage, the number of experiments
performed for the aforementioned methods will
significantly increase by increasing the number of
variables. When the number of variables exceeds five, one
should utilize statistical screening methods in order to
recognize the significant variables, whilst also deleting
insignificant ones [54]. To this end, the two-level Plackett—
Burman design has been vastly employed, although it is
not capable of extracting pure-quadratic and interactive
effects [55]. The three-level screening design is a assured
way to solve the subject. In this case, Jones and
Nachtsheim have been able to develop a three-level
definitive screening design (DSD) for the first time [56].
Altogether, the usual sequence for implement of
multivariate analysis approach through a DOE set-up
needs the two following steps: firstly the screening, and
secondly the optimization. Hence, a DSD presents the
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combination of the both phases in one step, thus being
more effective than standard screening designs such as
Plackett—Burman and fractional factorial designs in order
to detect non-linear interactions. According to the
literature, some trials have been reported on the removal
or elimination of Red-2G from aquatic systems [3, 57-59].

According to our experience, this design (DSD) has not
been applied already for optimizing the degradation
process, especially for Red-2G. Furthermore, most of the
approaches employing the by-products of pistachio (e.g.,
shells, hulls, etc.) as adsorbents have utilized conventional
methodologies [60-64].

This paper aims to focus on the production of ultra-
high surface activated carbon using pistachio nut shell
derived char as a helpful precursor and also potassium
oxalate as activating agent. It is an effective simple catalyst
in the Red-2G degradation process to H,O and CO.
through a novel approach of DSD [65]. This assures the
protection of method greenness, requiring the lowest
amount of materials and resources involved such as
chemicals, energy, and test run.

MATERIALS AND METHODS
Materials, Apparatus and Software

All the reagents and chemicals used in the present
study were of analytical grade without performing further
purification. Potassium peroxymonosulfate (PMS; Oxone
KHSOs-0.5KHSO4 0.5K3S04, KHSOs> 47% w/w), tert-
butyl alcohol (C4H100, > 99.5%), and potassium oxalate
mono hydrate (C.K204.H,0, 99.5%) were obtained from
Exir (Austria). Red-2G (ClgH13N3NazoBSZ, > 98), HCIl
(37%), ethanol (EtOH, >99.9%), and NaOH (= 99.0 %)
were purchased from Merck. Sodium amide (NaNs,
>99.0 %) and p-benzoquinone (CsH4O2, > 98.0%) were
purchased from Sigma Aldrich. The TOC reagent (Product
number: 2760345) was purchased from HACH Company.
To perform absorbance measurements, a UV-Vis
spectrophotometer (HACH-DR6000) equipped with 20
mm glass cell was employed. The wavelength accuracy,
wavelength resolution, and photometric accuracy were
respectively as follows: +1 nm, 0.1 nm, and 5 mAbs at 0.0
- 0.5 Abs. To prepare all the solutions in the present study,
ultrapure water (18.2 MQ-cm) was used from a water
purification system (AquaMax- Basic 360 Series). To
measure the weight of dyes and PMS, a Shimadzu
analytical balance (AUW 220 D series) was employed. An
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electric muffle furnace (ADVANTEC-FUW232PA) was
used to prepare PNS catalysts and an electric drying oven
(ADVANTEC-DRA430DA) was utilized to dry them in
the preparation step. A Perkin—Elmer GX spectrometer
was used to record Fourier transform infrared (FT-IR)
spectra. X-ray diffraction (XRD) measurements were
performed by a powder diffractometer (Philips PW 1730,
Netherlands) using Cu Ko radiation (A=1.54 A°).

A scanning electron microscope (SEM, FEI, Quanta
200, USA) equipped with energy dispersive spectroscope
(EDS, Element Silicone Drift, USA) was used to
investigate the surface morphology of PNSs derived
catalysts. The surface area, pore size distribution and
volume of the PNSs were determined by a volumetric gas
adsorption technique (Belsorp mini 2, Japan). To study
thermal stability of the PNS samples, a thermal gravimetric
analyzer (DSC-TGA, TA-Q600-USA) was used at a
temperature range between 25 and 800 °C.

LC/MS/MS from Agilent (USA) was applied for
identification of degradation fragments, as equipped with
column C18 and Agilent G6410 Triple Quadrupole Mass
Spectrometer. The following condition was utilized for the
analysis: column temperature =25 °C, mobile phase (A=40
mM ammonium acetate with 2.5% acetonitrile, B=
acetonitrile) using Negative ESI mode in Mass
spectrometer. In order to construct the proposed design,
Minitab®18 software was obtained from Minitab Inc.,
State College, PA, USA.

Proxymonosulfate as Oxidation Agent

Anipsitakis and Dionysiou have been able to present a
new chemical oxidant for the decomposition of organic
contaminants, according to the literature [66, 67].
Potassium salt of PMS is stabilized in the triple salt form
(2KHSOs5.KHS04.K2S04) under trade names of Oxone
(Fig. 2) [68]. Physical properties of Oxone are described
by following expressions: a white crystal, non-toxic,
highly stable, inexpensive and easily soluble in water.
PMS is rather stable in water solutions, maintaining 95%
of active oxygen in 3 days [69].

As a derivate of H,0,, the PMS ion comprises one H-
atom substituted by a SO3 group. Also, as an oxidant, PMS
has a redox potential of 1.82 V on the basis of Eq. (1)
[70], allowing for moderate oxidation of certain organic
contaminants.

1693



Iran. J. Chem. Chem. Eng. (IJCCE)

Fakhreddin M. et al.

Vol. 43, No. 4, 2024

Table 1: Screened Factors, Levels, and Responses Measured for Red-2G

4 Variables/Codes/Units Lower Level (-1) Middle Level (0) Upper Level (+1) )

PMS Concentration/A/(mM) 1.0 2.0 3.0

ACP dose/B/(g/L) 0.3 0.6 1.0

Red-2G Concentration/C/(mg/L) 10.0 30.0 60.0

pH/D/(pH unit) 3.0 7.0 10.5

Temperature/E/(°C) 25.0 40.0 55.0

Stirring Time /F/(min) 30.0 60.0 90.0
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Fig 2: Oxone

HSOS + 2H* + 2e~ -» HSO; + H,0 (1) 850 °C for 2 h. After cooling it down, a certain amount of

However, PMS is considered a strong oxidant from the
thermodynamically aspect, so that the direct reaction of
PMS with most pollutants is very slow. Therefore, the
activation process is necessary and inevitable. Upon the
activation PMS, the sulfate radical is produced, thereby
playing a prominent role in the degradation of pollutants.
In addition, the hydroxyl radical is another valuable
product obtained from the activation of PMS. In the last
decade, AOPs synthesized based on sulfate radicals have
attracted consideration attention because of some of their
unique properties. Sulfate anion radical (SO4) is a
strong oxidant, possessing a high oxidation potential
of 2.5-3.1 V. It is possible to produce this radical by
breaking the peroxo-bond of PMS material during its
activation step [47, 71].

Preparation of the Activated Carbon from Pistachio nut
Shells Derived Chars (ACP-850)

PNS-derived activated carbon was prepared at the
temperature of 850 °C, whereas PNS derived chars to
potassium oxalate (C2K»O4) ratio was 1/2 and tested in
decolorization of Red-2G. The powdery pistachio
nutshells (mesh size of 35; equals to 500 microns) were
carbonized at a temperature of 400 °C using a heating rate
of 10 °C/min under N, atmosphere (150 ml/min) for 2 h,
and the chars were activated in a platinum crucible with
potassium oxalate (PNS derived char / CoK,04: 1/2) at
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chars was obtained from carbonization step, and C;K204
as the activating reagent (W/W: 1/2) was mixed in the
mortar and pestle as much as possible to produce a
homogenous mixture. The mixture was then transferred to
the crucible, followed by placing it in the furnace under N2
purging (150 mL/min) at a temperature of 850 °C for 2 h.
Afterwards, under the N2 purging, the mixture was cooled
to 100 °C. The resulting activated carbon (ACP-850) was
then rinsed with deionized water until reaching pH of
about 7.5. Ultimately, the rinsed samples dried in the oven
at 100 °C during 3 h.

Preparation of Adsorbate

The stock solution of Red-2G was obtained by
dissolving precise amounts of the dye in ultrapure water
for a final concentration equal to 100 ppm. The solutions
with the desired concentrations were obtained using the
same solvent, followed by adjusting the pH to certain
values. Moreover, different concentrations of Red-2G
were measured at 531 nm in order to obtain three
calibration curves of Red-2G for the tested pH levels
(lower, middle and upper levels), as presented in Table 1.

pH of Point of Zero Charge (pHezc)

Measurement of pH point of zero charge (pHezc) for the
produced activated carbon (ACP-850) was carried out by
adding 0.1 g of activated carbon to NaCl solution (50 mL, 0.1 M)
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Table 2: CHNS analysis data of raw PNS and ACP-850 with thermal treatment

(" Sample C (%) H (%) N (%) S (%) N
PNS 41.75 5.63 2.96 0.13
Y ACP-850 69.04 0.68 2.46 0.00 )

with an initial pH adjusted to alter between 3-11 using
NaOH or HCl solutions (0.1 M). The flasks were put on an
agitator for 48 h after which the pH was measured with a
constant temperature of 25 °C. For each sample, the pH
was measured using a Seven Compact pH meter (Mettler
Toledo, S220) [72].

Catalytic Degradation Test

To perform general degradation tests, conical flasks with a
volume of 100 mL were used. Different conditions of the
reacting solution such as temperature (25 °C, 40 °C, and 55 “C)
and pressure (1 atm) were maintained constant in the entire
tests. The oxidant (PMS) and dye (Red-2G stock solution)
amounts were selected and added into the reactor, while also
adjusting the pH via NaOH and HClI solutions. Next, by adding
a certain ACP amount into the reaction mixture (containing dye
and oxidant), the degradation processes continued while
stirring the solution using a magnetic stirrer in order to obtain a
homogeneous mixture. It should be noted that, by withdrawing
about 2 mL of the sample, it was possible to determine the dye
content immediately at the given reaction time intervals. The
Red-2G degradation was monitored immediately using a
maximum absorbance at the wavelength of 531 nm. The
degradation efficiency was evaluated by DE% value as given
in Eq. (2)[73, 74].

Degradation Efficiency (DE)=[(C(-C)/Cy] X100  (2)

where Co represents the initial Red-2G concentration
(mg/L), and C; denotes the concentration at time t for the
PMS/ACP-850 system. The oxidation and mineralization
of Red-2G were characterized by the chemical oxygen
demand (COD) and total organic carbon (TOC) of reaction
solutions for 1.5 and 24 h.

Desorption Studies

The ACP-850 (1 g/L) used for the sorption of 60 mg/L
of Red-2G dye solution was filtered and dried. The sorbent
was then agitated with distilled water (200 mL) at
different pH values in the range between 2-12 during
24 h of the desorption process. Finally, the desorbed dye
was measured.
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Design of Experiments

As the factorial design, DSD was selected to perform
the present investigation. In this respect, a single response
i.e. the degradation efficiency (DE) was tried to be
optimized as a function of six independent variables.

RESULTS AND DISCUSSION
Characterization and Properties of the ACP-850 Catalyst
Carbon, hydrogen, nitrogen, and sulfur (CHNS) analysis

The CHNS analysis results of PNS and the thermally
activated derived catalyst (ACP-850) are presented in
Table 2. The results show that the %C increases after the
PNS thermal treatment because of converting it to the
activated carbon (ACP-850). This can be ascribed to the
thermal demolition of organic skeleton and further
conversion into chiefly carbonaceous materials
following the heat treatment process at 850 °C under
nitrogen atmosphere.

However, the concentration of hydrogen atom is
diminished from 5.63% in the PNS to 0.68% in ACP850.
This phenomenon is explained by the simultaneous
removal of hydrogen and oxygen as water loss with
increase of the temperature. The PNS consisted of
hemicelluloses, cellulose, and lignin as the main
component. Also, some water and protein molecules may
exist, so that the presence of nitrogen can be assigned to
the content of the portein [75]. According to the report, the
yield of CO, H20, Hz, CO,, CH4, CoHa, and C,Hg gases can
be varied by changing the nature and temperature of the
raw materials, resulting from the pyrolysis of cellulose,
hemicellulose, and lignin materials [76]. Notably, upon the
pyrolysis  process, hemicelluloses generate more CO,,
whereas lignin mainly produces CH4 and Ho.

SEM Micrographs

The surface morphology of powdery PNSs and activated
carbon synthesized from pistachio shell (ACP-850) was carried
out by using SEM. Fig. 3A shows the presence of small pores
in the PNSs. By increasing the temperature in the ACP
production process, the porosity increases as indicated in Fig. 3B.
In fact, the number and size of the pores are enhanced.
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Fig 4: XRD patterns of (A) ACP-850, (B) Pistachio Shell

To synthesize porous carbon materials, chemical
activation process has been employed vastly. In spite of
physical activation, the conventional chemical activation
involves the carbonization and activation in a single step
process [77]. Compared to the physical activation, several
advantages have been considered for the chemical
activation such as higher yields and more extended pore
structure [78], which can mainly be attributed to the
activator penetrating deeply into the carbon lattice [79]. It
is also stated that the porosity is enhanced at the higher
temperatures (850 °C), arising from the conversion of
aliphatic to aromatic compound [75]. As well, the
decomposition of lignin, hemicelluloses and cellulose can
be responsible for the free space of the cavities in the
sample as major components. In other words, the pores
created in the activated carbon can be assigned to the
releasing of small molecules such as H,0, CO,, and CH4H>
from the texture at the high temperatures [75]. It is possible
that oxidant and dye molecules can be trapped and
degraded. As a matter of fact, the trapped process and dye
degradation are facilitated by the porous structure and
existence of cavities on the sample surface. The properties
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Fig 3: SEM micrographs: A) PNS B) ACP-850

of the catalysts are chiefly determined by the pore
structure, involving the shape, volume, average size, and
size distribution of the pores. Also, the surface properties
(e.g., the presence of functional groups and surface
morphology) affect the catalysts’ properties [80].

XRD Analysis

Fig. 4 shows XRD patterns obtained from PNS and
ACP-850. As observed, cellulose is the main structural
component of PNS. The sharp peak appeared at
2Theta=22.2° is related to the cellulose. In the case of
ACP-850, the main peaks have lower intensity and become
broader, being indicative of a less ordered structure.
Accordingly, one can detect the broad and characteristic
peak of the carbonaceous structure [81]. The peaks from
the residual inorganic phases (e.g., calcite (CaCOs) and
halite (NaCl)) are observed in ACP-850, arising from the
decomposition of organic phases at this temperature [82].
Similar patterns were also reported by other researchers
who prepared activated carbons from agro-wastes [83, 84].

FT-IR Analysis

FT-IR spectral results of raw PNS and produced
activated carbon (ACP-850) samples are given in Fig. 5.
Spectrum of PNS demonstrates the existence of a broad
characteristic band at 3426.16 cm™ and a peak at 2904.44
cmL, which can be attributed to stretching vibrations of (-
OH) and aliphatic C-H groups, respectively [85, 86].
Alternatively, v(C=0) vibration in carbonyl group or the
presence of carboxylic bonds on the surface is responsible
for the appearance of the band at 1739.82 cm™ for PNS
[87, 88]. At higher temperatures, the intensity of these bands
is reduced because of the degradation of carbonate compounds.
Furthermore, the bands at 1626.84 cm™ and 1509.08 cm™ are
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Fig 5: FTIR spectra of pistachio nutshell and obtained activated carbon at 850°C : A) PNS, B) ACP-850

attributed to the existence of aromatic C=0O or C=C
stretching of aromatic groups due to the lignin structure.
The sharp peak at 1035.62 cm™ can be ascribed to the
presence of C-O-C, being a specific peak in hemicelluloses
and cellulose [64]. The bands at 1434.07, 1377.00 and
1330.58 cm™* could be related to bending vibrations of O-
H and C-H groups. Also, the spectrum of the obtained
activated carbon (ACP-850) indicates slight moving of the
position of some peaks compared to spectrum of pistachio
nutshell. For instance, the bands at 3426.16 cm™ and
1626.84 cm™ in the PNSs are shifted to the new position at
3425.85 cm™ and 1626.09 cm™* in ACP-850, respectively.
Moreover, the intensity of some peaks such as 3426.16 cm
1 in the spectrum decreases due to de-hydroxylation
occurring during the pyrolysis process. As stated above,
the bands appearing around 1626 cm™ are assigned to
C=0 or C=C stretching of aromatic groups in lignin,
indicating the presence of residual lignin after degradation.
The pistachio nutshell is made of hemicelluloses,
cellulose, and lignin as the main constituents. Accordingly,
the elimination of hydroxyl, carbonyl, carboxylic and
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carbonate groups can be expected to occur in the form of
water, CO,, CO and small volatile organic compounds,
arising from the thermal activation.

TGA Analysis

TGA results of PNS were obtained using N atmosphere
and a heating rate of 10 °C/min. From Fig. 6, the weight loss
of the PNS sample is observed to occur through three major
steps: At the first step, the sample loses the adsorbed water
molecules from the surface in the temperature range
between 25 and 100 C, followed by losing crystalline
water around 200 °C. The weight loss of this step does
not exceed 6.25 %. If the pistachio was purchased as
non-roasted without any heat treatment prior to packing,
the weight loss had increased. At the second step, more than
60% of the sample is disintegrated in the range of 200-400 °C,
and the two main peaks at 299.80 °C and 346.81 °C are
distinguishable, being typical for pyrolysis of lignocelluloses
materials [89]. Due to decomposition and carbonization of the
organic materials existing in PNSs (hemicelluloses, cellulose,
and lignin), the aforementioned sharp peaks appear in this
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4 Parameters PNS ACP-850 )
BET Surface Area(m2/g) 1.0055 2318
Langmuir Surface Area(m2/g) 1.7212 2789

\_ Total Pore Volume(cm3/g) 0.0101 1.1111 J

Weight (%)
riv. Weight (%/°C)

p—
a
9

De

6108°C

o 200 a00 600 800 1000
Temperature (°C)

Fig 6: TGA Graph Of Pistachio Nutshell (PNS) at the
Temperature Range of 25-800°C

temperature range. On the other hand, the peaks at
299.80 °C and 346.81 °C are generated due to degradation
of hemicelluloses and cellulose present in the sample,
respectively. The third step occurs between 400 °C and
700 °C, representing about 20% weight loss. Since
lignin is more thermostable than cellulose and
hemicelluloses, the above-mentioned temperature range
is expressed for lignin decomposition. As shown in Fig.
S3, the total weight loss is 88.23% prior the temperature
range of 25-800 °C.

BET Analysis

Fig. 7 shows the adsorption-desorption isotherms of
raw powdery pistachio nutshell (A) and obtained activated
carbon (B) samples. The ACP-850 was prepared at 850 °C.
Fig. 7-A indicates a type Il isotherm, which is related to
non-porous material such as raw PNS. At low relative
pressures, a sharp increment (more than 600 cm3g?) is
observed in the adsorption—desorption isotherms, as
shown in Fig. 7-B. This is followed by a plateau at higher
relative pressures, demonstrating a type | isotherm
according to IUPAC categorization. The type | isotherm
indicates a material with microporous structure. The
utilization of materials with highly porous structure and
narrow pore size distribution leads to significant uptake at
low relative pressures.
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The micropore filling is represented by the initial part
of the isotherm, and multilayer adsorption on the external
surface is indicated by a low slope of the plateau [90].
The surface area of PNS and obtained activated carbon(ACP-
850) was measured as given in Table 3.The results show that su
rfaceareaincreases from 1.006 to 2318 m?/g. The considerable
increment in the surface area could be ascribed to the thermal
and thermo-chemical treatment processes. In addition, the total
volume of pores is enhanced from 0.010 to 1.111cm®g for PNS
and ACP850 samples, respectively.

Definitive Screening Design (DSD)

As stated before, the aim of this study is to recycle PNS
(as an agricultural byproduct) into the green catalyst with
appropriate competency, which could be realized based on
the utilization of the factorial design as an effective
approach. In fact, DSD uses a screening design without the
requirement of a further process for the optimization
phase, involving a three-level design so that the number of
runs produced is proportional to the number of variables
(k) on the basis of the following relation: N = 2k + 1 or 2k
+ 3. Table 4 presents the experiment runs obtained from
the factorial combinations of the design matrix and
considering the two blocks [56, 65, 91]. DSD can act as a
design in order to estimate the main effects, factorial
interactions and quadratic effects provided by the lowest
number of experiment runs. Obviously, DSD is advantageous
for optimizing the processes that comprise a large number of
operating variables. Herein, one response (i.e., degradation
efficiency: (DE)) was taken into consideration for the present
investigation. The goal was to maximize DE to 100%. Table
4 presents the design matrix, involving 13 basic runs in two
replicates. Therefore, the total number of runs is 26 with two
central points. The runs were operated in two blocks. In fact,
the blocks were contained in order to establish the full
quadratic model.

Data analysis and Modeling

The quadratic equation, (Eq. (3))[92] was used for data
modeling preparation by each response.
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Table 4: Design Matrix Along with the Responses Obtained from Observation and Prediction

/ Run Coded Levels of Variables Response (Y, Degradation Efficiency, DE) \
Al B2 C® D* E° P Obs ** Pred.  *** QEr
01 0 0 0 0 0 0 80.24 80.60 0.45
02 -1 -1 0 -1 +1 +1 72.03 71.82 0.29
03 +1 -1 +1 0 +1 -1 52.36 52.53 0.32
04 0 +1 +1 +1 +1 +1 90.42 90.71 0.32
05 -1 +1 +1 -1 0 -1 45.50 45.35 0.33
06 +1 -1 -1 +1 0 +1 99.83 99.92 0.09
07 0 -1 -1 -1 -1 -1 68.23 68.06 0.25
08 -1 +1 -1 0 -1 +1 97.80 98.26 0.47
09 +1 +1 -1 -1 +1 0 99.83 99.46 0.37
10 -1 0 -1 +1 +1 -1 74.47 74.72 0.34
11 -1 -1 +1 +1 -1 0 20.45 20.57 0.59
12 +1 +1 0 +1 -1 -1 89.63 90.06 0.48
13 +1 0 +1 -1 -1 +1 97.00 96.63 0.38
14 +1 -1 +1 0 +1 -1 52.70 52.54 0.30
15 -1 0 -1 +1 +1 -1 75.00 74.72 0.37
16 +1 0 +1 -1 -1 +1 96.30 96.64 0.35
17 -1 -1 0 -1 +1 +1 71.58 71.82 0.34
18 0 0 0 0 0 0 81.00 80.60 0.49
19 -1 +1 -1 0 -1 +1 98.70 98.26 0.45
20 0 +1 +1 +1 +1 +1 91.00 90.71 0.32
21 -1 +1 +1 -1 0 -1 45.20 45.35 0.33
22 -1 -1 +1 +1 -1 0 20.70 20.57 0.63
23 +1 +1 0 +1 -1 -1 90.45 90.06 043
24 0 -1 -1 -1 -1 -1 67.88 68.06 0.27
25 +1 +1 -1 -1 +1 0 99.10 99.46 0.36
26 +1 -1 -1 +1 0 +1 100.00 99.92 0.08 j

123,456 A B, C, D,E, and F are defined in the upper section of Table 2. * Obs.: Experimental values,** Pred.: Predicted values *** %Er: % of
prediction error = |(Obs - Pred.)|/Obs x 100.
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Fig 7: N2 Adsorption-Desorption Isotherms at 77 ° K for: A) PNS, B)ACP-850

Y= by + by X;+b,X; + ... + b X, +Zby XXy +Zb;X?Z (3) represent the regression coefficients (bo is a constant). X;
where Y gives the measured responses, and by, b1, etc. denotes an independent variable (A, B, C,...., F).
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Moreover, XiXx and X; 2 represent interaction and
quadratic terms, respectively. The probability plot of the
results showed that they were fitted in the normal
distribution plot (P-value > 0.250). If the p-value is larger
than the significance level (i.e., P-value= 0.05), the null
hypothesis can still be considered valid because there is
not enough evidence to conclude that the data distribution
is not normal. The regression equation, (Eqg. (4)), was
obtained by DSD analysis section in the Minitab software
using stepwise selection of full quadratic terms [92, 93].

Response (DE) = 80.601 + 12.7885(PMS)
+ 11.0935(ACP) — 13.4605 (Red
—2G) — 0.5350 (PH)
+ 1.5675 (TEMPRATURE)
+12.6620 (TIME) — 5.911 (PH
« PH) + 1.006 (PMS * ACP)
+ 5.744 (PMS * RED — 2G)
— 5.244(PMS * TEMPRATURE)
+ 4.694 (ACP * RED — 2G)

R =99.98%, R*-Adj = 99.97 %, **-Pred. = 99.95% (4)

As can be inferred, the coefficient of determination
value (R? is high, indicating the goodness-of-fit. In
addition, the value of R?-Adj is close to that of R2-Pred,
implicating the sufficiency of the proposed model to
estimate the response for any new observation. There is
very little difference between value of R2-Pred and R?,
showing that the model is not over-fit. The values for the
measured response predicted by the model are presented in
Table 4. The percentage of prediction error (%Er) is found
to be between 0.08-0.63%, which is relatively small (less
than 1%), and demonstrates that the proposed model has
appropriate efficiency for predicting the results [94-96].

Pareto Chart: Variables and the Interactions

The Pareto chart of the standardized effects was
performed using variance analysis (ANOVA) at 95.0%
confidence interval (95.0 CI) in order to evidence
statistical significance of the tested independent variables,
as mentioned in Table 1. As shown in Fig. 8; Pareto chart
indicates that Red-2G concentration, PMS dosage, Time
and ACP dosage as catalyst, are the main variables with
high effects on the response, whereas the temperature and
pH have lower effects compared to the other factors. As
expected and shown by the Pareto chart, the PMS (A) and
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ACP dosages (B) [97] have the main role in the
degradation efficiency as oxidant and activator,
respectively. Table 4 indicates that the presence of PMS
(A) induces the creation of reactive oxygen species, and
different effects are obtained on the removal rate of dye
contaminant depending on the PMS concentration, owing
to the different conditions between each runs. Many
research studies have indicated that the degradation rate of
pollutants increases with increasing the concentration of
PMS. However, it decreases when the PMS concentration
reaches a certain level. While the addition of PMS can
induce more oxidants (thus leading to an improvement in
the contaminant removal efficiency), an excessive amount
of PMS may result in its self-quenching reactions, thereby
decreasing the degradation efficiency [98, 99] The
concentration of ACP also plays an important role in the
activation of PMS. This is because increasing the
concentration of ACP (acting as a catalyst) not only
increases the active sites in the PMS activation, but also
enhances the reaction chance with dye molecules.
Additionally, increasing the catalyst concentration leads to the
creation of radicals, promoting the degradation of Red-2G [100].

Also, the following interactions can be presented by
Pareto chart as effective interactions: (PMS x Red-2G
concentration), (PMS x Temperature), (ACP x Red-2G
concentration), (pH x pH) and (PMS x ACP). The amount
and direction of the effect for each tested variable and
related interactions can be found from the regression
equation (Eq. (4)). As presented in Eq. (4), PMS, Time,
ACP and Temperature (with a lower effect) have a positive
effect on degradation efficiency, whereas the Red-2G and
pH parameters negatively influence the degradation
efficiency as the response. In other words, by increasing
the Red-2G concentration and pH, the response will
decrease at a specified rate for the aforementioned
variables. As mentioned above and indicated by Pareto
chart, dye concentration (C) has the highest impact with
negative direction on the response, followed by two
interactions with PMS (A) as degradation agent (AC
interaction) and ACP dosage(B) as PMS activator (BC
interaction), respectively. Therefore, the amount of the AC
and BC interactions is affected by the negative effect of
dye concentration factor (C), although they change the
degradation efficiency in the positive direction as
represented by the regression equation.
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Pareto Chart of Standardized Effects
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Fig 8: Pareto Chart of Standardized Effects. Degradation
Efficiency (DE%) is the Measured Response. Variable Exceeding
Reference Line (Red Line) are Statistically Significant
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Fig 9: Catalytic effect of ACP-850 on Red-2G degradation:
pure PMS and (PMS+ACP-850)
[Red-2GJ,= 0.12mM (60mg/), [ACP-850]= 1.0 g/L, [PMS]=3.0
mM, pH=3.0, T=25°C

One of the most influential factors that can change the
PMS activation is the reaction temperature. This factor can
also affect the subsequent degradation of contaminants. It
is obvious that the removal rate of contaminants is
improved by increasing the reaction temperature within a
certain range. As well, the stability of PMS is affected by
the temperature, so that the PMS decomposition to the
related free radicals will be accelerated at a high
temperature [101]. Based on the Pareto chart, temperature
is contributed in the present study by two paths:
Temperature itself with a positive affect (E) and given
magnitude, and interaction of PMS x Temperature (AE)
with a negative impact but greater intensity compared to
the temperature factor. One of the important factors for
activating the persulfate (PS) and PMS is the heat agent in
degradation systems.

It has been estimated that the bond energy of O-O is
213.3 kJ/mol for PMS. The effective mechanism involved
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in the activation of PMS is the fission of O-O bond in its
structure. In the case of heat activation, the energy input
provided at the high temperature (>50 °C) leads to the
fission of O-0O bond, thereby forming sulfate anion radicals
and hydroxyl radicals as given in Eq. (5) [34].

HSO: - S04~ + HO® (5)

The molecular movement will be accelerated by an
increase in the temperature, thereby promoting the mass
transfer  process in  heterogeneous  systems.
Consequently, the enhanced degradation rate of
contaminants induced by the increase of temperature in
a reasonable range is reliable, as previously evidenced
in the literature [102, 103]

However, the side reactions such as hydroxyl radicals
or recombination of sulfate radicals may be accelerated by
the increase in temperature, leading to a reduction in the
removal efficiency of the contaminants under test [104].

The interaction between PMS (A) and ACP (B) is
shown by the Pareto chart (AB) with the positive direction
and impact as indicated in the regression equation. As
described above, because of the opposite directions of
Red-2G variable (C) with the negative effect and ACP
variable (B) with the positive effect in the present
degradation system, positive interaction is produced
between Red-2G molecules and ACP catalyst (BC).
Therefore it can be stated that the right magnitude of the
PMSxACP interaction (AB) is affected by BC interaction
in the Pareto chart system.

As shown in Fig. 9, it can be seen that Red-2G removal
rate is negligible in PMS system alone, being attributable
to the small oxidation potential (E° (HSOs/HSOs") =
+1.82 V vs. NHE). From an applicable point of view, it
appears that the activation of PMS in degradation systems
is necessary due to its low reactivity (28.96%). Noticeably,
the occurrence of a synergistic effect in the PMS/ACP
degradation system caused ACP to donate an electron to
PMS, thus creating the reactive radical and anion radical
as given in Eqgs. 6 and 7, and initiating the destructive
reactions [7]. Based on Eq. 8, ACP-850 can also be used
as an electron acceptor in the activation process of PMS.
The adsorption of PMS and Red-2G was provided by the
active and defective sites. Furthermore, the electron
transfer from carbon materials to PMS was mediated by
the partially delocalized = electrons, thereby allowing for
the activation of PMS [103]. According to Ref. [99],
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defective sites, carbon-conjugated structure, and
appropriate amounts of functional groups are responsible for
the persulfate activation capability of carbon materials [105].

HSO: + ACP - SO;° + HO™ + ACP* (6)
HSOz + ACP —» SOz~ + HO" + ACP* ()
HSOg + ACP* —» SO:* + H* + ACP (8)

Initially, ACP-850 approaches PMS, followed by
adsorbing it on the surface. As described in Ref. [101], the
defect structures of ACP-850 (e.g., edge defects,
vacancies, curvature, etc.) can then create dangling o
bonds, thereby preventing the limitation of the n-electrons
of activated carbon caused by the edge carbon atoms, and
transferring electrons from activated carbon to PMS in
order to generate SO4 * and *OH. Moreover, the transfer of
lone pair of electrons in the Lewis basic site of the
activated carbon-based catalysts (e.g., the O atominC =0
and the free flowing m-electrons in the sp2-hybridized
carbon) to PMS can be possible, thus inducing the
generation of SO4 ~ and "OH [100].

Lastly, the pH variable is affected by the above-
mentioned reactions with accompaniment of pHxpH
interaction, indicating the presence of linear and nonlinear
effects of the pH. It should be noted that the linear effect
is less than the nonlinear (curve) effect, which is explained
for three reasons as follows: Firstly, the pH is considered
an important factor that controls the efficiency of dye
removal from the experimental solution. Especially, dye
molecules possess a pH-dependent structure [106, 107]. It
means that the pH has a great influence on the speciation
of dye molecules (e.g., Red-2G), affecting the reactivity
toward an oxidation. Generally, the reactivity of pollutants
such as dye molecules is enhanced by increasing the
degree of their deprotonation. Secondly, pH plays an
important role in the activation of PMS, thus further
influencing the degradation efficiency of Red-2G. The
existence form of PMS can be significantly changed by the
pH of the solution. In general, PMS has a vast pH range of
application, although the oxidation potential is affected by
the pH.

Thirdly, pH has a significant influence on the
heterogeneous activation of PMS as well. The ACP-850
surface is ionized to carry a positive charge at the low
value of pH. On the other hand, it is important to determine
the pH of point of zero charge of ACP-850 related to the
pH at which the number of negative and positive charges
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is equal. At this pH point, an electrically neutral charged
activated carbon is achieved. Accordingly, this is an
essential factor to be noticed in the adsorption
investigation, providing insights into the adsorption
behavior of the surface of the activated carbon as a
function of pH. The adsorption of anionic dyes such as
Red-2G is suited when the pH of the solution is less than
the pHpzc. This is because the surface of the catalyst
becomes positively charged and can be described by the
electrostatic attraction between the positive charge
(produced on the solid surface) and the anionic group of
the Red-2G dye. The pHpzc taken from the final pH as a
function of the initial pH curve for the ACP-850 is
presented in Fig. S1. Thus, the Red-2G dye can be
adsorbed when the pH of the solution is less than the pHpzc
of the adsorbent, which is determined to be 7.1 based on
Fig. S1 [108].Therefore, the considerable enhancement in
the electrostatic interactions causes the adsorption capacity
to increase for anionic Red-2G. On the other hand, Red-
2G carries both negative and positive charges to generate
an intermolecular salt, leading to the diminishment of
hydration between Red-2G and water molecules, and
significantly absorbing Red-2Gs on the surface of the
ACP-850. Moreover, electrostatic repulsions between the
negatively charged surface and the dye molecules are
enhanced by an increase in the pH, so that the degradation
mostly occurs in the bulk of the solution via alkaline
activation which is in competition with the present
degradation system. For the alkaline activation of
peroxymonosuflate, the following mechanisms and reaction
pathways can be expressed as given in Egs. 9- 19.[109].

HSO; + H20 — H,0, + HSO; 9)
HSO; - HY + S0% (10)
S02~ + H20 - H,0, + SO} (11)
H,0, > H* + HO; (12)
H,0, + HO™ —» H20 + HO; (13)
HSOZ + HO; —» H20 + SO0;° + '02 (14)
H,0, - 2HO" (15)
HO® + H,0, » H20 + HO; (16)
HO; —» H™ + 05~ 17
HO' +0;~ - '02 + HO™ (18)
205~ +2H* - '02 + H,0, (19)
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Table 5: Variance analysis (ANOVA) for the response data

4 Source DF* Adj SS* Adj MS* F-Value P-Value )
Model 11 14246.7 1295.15 8376.96 0.000
Linear 6 12617.3 2102.89 13601.32 0.000

PMS 1 3270.9 3270.91 21156.05 0.000
ACP 1 2461.3 2461.31 15919.61 0.000
RED-2G 1 3623.7 3623.70 23437.85 0.000
pH 1 5.7 5.72 37.03 0.000
Temperature 1 49.1 49.14 317.84 0.000
TIME 1 3206.5 3206.52 20739.58 0.000
Square 1 58.8 58.77 380.10 0.000
pHxpH 1 58.8 58.77 380.10 0.000
2-Way Interactions 4 1620.3 405.07 2619.96 0.000
PMSxACP 1 5.8 5.83 37.68 0.000
PMSxRED-2G 1 189.8 189.85 1227.92 0.000
PMSxTemperature 1 122.3 122.32 791.14 0.000
ACPxRED-2G 1 98.0 98.01 633.90 0.000
Regression 1 14246.7 14246.7 157965.58 0.000
Error 24 2.2 0.1
Lack of Fit 11 0.0 0.0 0.00 1.000
Pure Error 13 2.2 0.2
Total 25 14248.9 )

* DF: Degrees of Freedom; Adj SS: Adjusted sums of squares; and Adj MS: Adjusted mean of squares.

During the degradation of azo dyes (e.g., acid orange
7) and Red-2G with the same structure, singlet oxygen
('02) and superoxide radical were found to be the
primary reactive species [34]. In addition to the above-
mentioned reaction pathways, 02 can also be created by
the self-decomposition reaction as given below [110]:

HSO; + SO2~ —» HSO; + SO;° + '02 (20)

According to the data presented in Table 2 and
explanations about the pH factor provided above, high
degradation efficiency at acidic and basic conditions
together with considering the existing effects of the other
variables leads us to the conclusion that the effect of the
pH factor is moderate compared to the other effective
variables.

ANOVA
Residual plots were applied to the experiment data of
residual distribution. Normally, the residuals are

independent of each other and distributed with a constant
variance. Similar results were acquired based on the
ANOVA testing, according to Table 5. It was possible to
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confirm the statistical significance of tested variables at
confidence interval of 95.0% by achieving p-values less
than 0.05. As well, it is found that F-statistic is relatively
large for the model (see Table 5). While statistical
significance of the tested variables is indicated by the
linear, square and two-way interactions, the F-value is
small in the case of pH (37.03), PMSxACP interaction
(37.68) based on the previous relevant description.
Alternatively, F-value of lack-of-fit is zero whereas its
p-value is equal to 1.000, showing that the proposed
model suitably explains the relation between the
response and the predictors.

Response Surface Optimization

Contour plots (also known as level plots) are an
approach to demonstrating a three dimensional (3D)
surface on a 2D plane. In this study, contour plots obtained
from the response surface were accomplished to express
the relationship existing between the measured response
and independent variables, thereby allowing for the
measurement of the efficacy of two variables while
keeping the other variables constant at the same time. Fig. 10
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Table 6: The Comparison between the Optimum and Maximum Performance of the Red-2G Degradation System

. Red-2G . . Degradation I
Study PMS Concentration | ACP dose Concentration pH Temperature Stirring Time Efficiency(%6)
Optimum 3mM 1.0g/L 60 mg/L 30 25°C 80 min 100
Performance
\_Maximum 6 mM 2.0 g/L 170.15 mg/L 3.0 55°C 180 min 100 )
Counter Plot of Degradation Efficiency , DE
Degradation
Efficiency

ACP

“10 05 0.0 0.5 10 -1

a5 0.0 s 19
PME

Fig 10: Response Contour Plots for the Degradation Efficiency,(DE%). Dark Green Regions Indicate that the Maximum DE Can be

Achieved Using the Described Factorial Combination

shows a 2D plot for degradation efficiency with respect to
the different two factorial combinations. As presented
below, DE of 90-100% could be obtained at PMS
concentration of 3mM and ACP dosage between 0.6-1.0
g/L. According to Table 6, the optimum conditions leading
to the maximum response (i.e., the individual desirability
function, d) were acquired by applying the Minitab
response optimizer. On the basis of the individual response
optimization, it is proved that a DE value of 100% can be
obtained with a d = 1.0000 by utilizing a factorial blend of
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PMS=3.0 mM, ACP=1.0 g/L, pH=3.0 and time= 80 min at
room temperature for Red-2G concentration of 60 mg/L.
In the final step, the following study was performed to
evaluate the ability of the PMS/ACP-850 system in dye
degradation process. According to the response function
(Eq. (4)), the DE value of 100% can be achieved under the
following conditions of PMS=6.0 mM, ACP=2.0 g/L,
pH=3.0, temperature= 55 °C and time= 180 min for Red-
2G concentration of 175 mg/L, being proved by the real
experimental result obtained in the laboratory.
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This result showed that the studied degrading system,
which is based on carbon materials, has a high ability to
decompose pollutants including azo dyes in high
concentrations, which is in agreement with the literature [34].

Desorption Studies for Determination of the Contribution
of Adsorption Phenomena in the Degradation Process

Basically, desorption studies facilitate the clarification
of the mechanism and recovery of the adsorbate and
activated carbon as a sorbent. Desorption tests (Fig. S2)
indicated that the maximum dye releasing of 90.5% for
Red-2G dye was obtained in aqueous solution at pH= 12.
As observed, the initial pH of the water affects the dye
amount desorbed from the ACP-850 surface. By
increasing pH of the system, the number of positively
charged sites is reduced, being suitable for the desorption
process of Red-2G dye. Indeed, without dye desorption in
water at pH= 2, the desorption efficiency was observed to
be continuously enhanced until pH= 12, reaching a
maximum value (90.5%). For strong acidic solutions
(having considerably lower pH than pHpzc of 7.1
determined for the ACP-850 sample used), the anionic dye
adsorption is favored owing to enhanced electrostatic
interaction occurring between positive charges induced on
the ACP-850 surface [111] and the anionic dye, which is
not suitable for dye desorption. Alternatively, for
pH>pHpzc of 7.1, the generation of negative charges on the
ACP-850 surface is favored due to the alkalinity, thereby
increasing the anionic dye repulsion. In turn, this causes
the desorption efficiency to be increased.

Finally, a test was performed under the optimum
performance conditions, and the activated carbon used was
separated and dried for the next step. The sorbent was then
agitated with distilled water (200 mL) at pH of 12 during
24 h in order to complete the desorption process. In the
following process, the desorbed dye was measured, and the
result was 5.5 ppm. Accordingly, by considering the
desorption efficiency (90.5% for 60 ppm), it can be stated
that the contribution of adsorption in the red-2G dye
removal process is 10.2%, indicating the importance of the
catalytic role of the produced activated carbon (ACP-850)
in the dye degradation process.

Reusability of ACP-850
The reuse experiment was carried out to detect the
recovery performance of ACP-850 by the following
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procedure: ACP-850 was collected after each process,
washed with ultrapure water, and dried at 105 °C for 2
h. AIll the actions were then accomplished under
operation conditions the same as the previous runs. It
is important to note that the slight weight loss of the
catalyst in the fourth and fifth cycles is adjusted by dye
concentration in the solution. In other words, the
proportion of the catalyst weight to the dye
concentration remains equal in all runs. Essentially,
carbonaceous materials may lose their activation
capacity following a period of use, arising from the
surface deactivation. Probably, the decrease in the
catalytic capability of ACP-850 can be attributed to the
blockage of adsorption and catalytic active sites by
intermediate products formed at the time of
degradation process [112, 113]. As demonstrated in
Fig. S3, reuse experiments indicate that the ACP-850
catalyst possesses suitable reusability with Red-2G
efficiency after 5™ cycles under the following
condition. When ACP-850 was used for the fifth time,
the degradation efficiency of Red-2G was still over
65% in 1 h reaction time since the ACP with ultra-high
surface area was present in the solution as PMS
activator.

COD and TOC Removal

The analysis of total organic carbon (TOC) reflects the
degree of mineralization of organic compounds, and the
analysis of required chemical oxygen shows the degree of
oxidation of organic compounds, indicating the progress
of the color degradation reaction. The reduction of TOC
level for Red-2G was 47.4% and 67.8% after 1.5 h and 24
h, respectively. It can be concluded that the complete
degradation and semi-complete mineralization of the dye
molecules occur after 1.5 h, which in turn indicate that
almost half of the dye content is oxidized to carbon dioxide
during the experiment. Consequently, the TOC removal rate
is considerable and significant [114]. Likewise, the reduction
of the COD level of red-2-G dye solution is equal to 70.8%
and 84.3% after 1.5 and 24 h, respectively. The COD/TOC
parameter (so-called the oxidation feasibility index) is
reduced from 1.83 to 0.98 with the passage of time, indicating
that the speed of the oxidation phenomenon is higher than the
mineralization phenomenon at the beginning of the reaction.
With the passage of time, this ratio decreases by the
reduction of oxidizable species [3]. The results are well
illustrated in Fig. S4.
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Fig 11: Effect of radical scavengers on R2G degradation efficiency at acidic (A) and basic (B) conditions; A) [Red-2G]=0.12 mM,
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Influence of Waste Water Media on Degradation
Efficiency of Red-2G

The degradation efficiency of the PMS activated
system can be affected by waste water based on two main
groups existing in the waste water media. The first one is
the anions, inducing different effects on the hydroxyl and
sulfate radicals created by the PMS activation. In fact,
chloride ion is considered the main anion in different water
samples. It has been proved that the chloride ion can
increase the acetaminophen removal rate when the
chloride concentration is higher than 20 mM in the sample
[115]. Also, phosphate, nitrate, nitrite, carbonate, and
bicarbonate ions have negative effects on the hydroxyl and
sulfate radicals. The reason is that these ions can
extinguish the aforementioned radicals [7]. The second
one is organic matter, being a complex constituent in water
media. Natural organic materials have been shown to play a
negative role in the organic contaminant removal by activation
of PMS [116]. According to Fig. S5, the monitoring of the Red-
2G degradation in the actual wastewater is realized. Following
the obtained results, Red-2G removal rate decreases compared
to the control experiment. In the case of the control experiment,
complete degradation (100%) is achieved after 80 min,
whereas the degradation efficiency is 86.83 % and 95.8% after
80 and 90 min in the waste water experiment, respectively.

Characterization of Reactive Radicals

Radical quenching experiments were carried out using
tertiary-butyl alcohol (TBA) and ethanol (EtOH) in acidic
condition, allowing for the identification of the radical
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species produced in the PMS/ACP-850 process. For
radical quenching experiments in basic condition, four
reagent including TBA, EtOH, sodium azide (NaNs) and
p-benzoquinone were used [7]. In fact, the reaction
between organic compound and radical species is
challenging due to the presence of the alcohol, so that the
degradation rate is expected to be reduced. An extremely
prohibition occurrence took place when adding the EtOH
to the degradation system as the a-hydrogen containing
alcohol. Essentially, EtOH scavenges both of radicals
(S04~ and "OH) ((KeTon--on =(1.8-2.8)x10°MS?, Keton-
sos- =(1.6-7.7)x107 M-St )), whereas TBA is the
scavenger of “OH since it does not contain a-hydrogen and
possesses a considerably higher tendency to scavenge
hydroxy! radical ((Kysa-on :(3.8-7.6)X108 M-S, Krga- sos-
=(4.0-9.1)x10°M1S)). Based on Fig. 11-A, the presence of
0.1 M EtOH considerably suppresses the oxidation process,
so that the decolorization efficiency is reduced from 100.0 to
20.2 % for Red-2G after 90 min. For TBA-added system, the
presence of 0.1 M TBA leads to the suppression of the
oxidation process, thereby decreasing decolorization
efficiency from 100.0% to 83.1%.

Thus, the efficiency decrease rates of EtOH and TBA
systems are found to be 79.8% and 16.9%, respectively.
Alternatively, at acid condition, sulfate radicals are known
as major active species, being a strong oxidant due to their
high oxidation potential (2.5-3.1 V). These radicals are
produced when the peroxo-bond of PMS is broken during
the experiment. Furthermore, the half-life time of sulfate
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Fig 12: UV-Visible Spectra for the Degradation of Red-2G in
ACP-850-PMS System: [Red-2G/,= 0.12mM (60mg/l), [ACP-
850]= 1.0 g/L, [PMS]= 3.0 mM, pH=3.0, and T=25 °C

radicals is higher than that of hydroxyl radical (30—40 us
vs. 20 ns), owing to their reaction ability with organic
species during the electron transfer. Nevertheless,
hydroxyl radicals behave randomly, participating in
different reactions with the same propensity [7].

Based on Fig. 11-B, the addition of tert-butyl alcohol
(0.1 M) does not lead to the inhibition of the decolorization
of Red-2G at basic condition (pH=10.5), indicating that
hydroxyl radicals may not act as the reactive oxygen
species. Similar results are acquired when ethanol (0.1 M;
acting as the scavenger of both sulfate radical and hydroxyl
radical) is added to the PMS/ACP-850 system, implying
that hydroxyl and sulfate radicals are not the reactive
oxygen species responsible for Red-2G degradation in the
PMS/ACP-850 system at basic condition. Nevertheless,
when sodium azide (0.01 M; a unique scavenger for
102 with a rate constant of 2x10° MS?) is added to the
reaction mixture, the decolorization of Red-2G is
dramatically suppressed from 93.86% to 44.67%,
demonstrating that sin *02 may be taken into account as
one of the reactive oxygen species in this system at basic
condition. Notwithstanding, *02 cannot be considered the
only reactive species since the addition of sodium azide
did not completely lead to the suppression of the Red-2G
degradation. Additionally, when p-benzoquinone (0.01 M;
a scavenger of superoxide anion radical with a rate
constant of 0.9-1.0x10° M1S?) is added to the solution,
degradation of Red-2G is completely inhibited as the
degradation efficiency is reduced to 2.2%, indicating that
superoxide anion radical is effective in the decolorization
of Red-2G at basic condition. Finally, based on Fig. 11,
both SO, and °"OH play roles in the process of

Research Article

Agro Waste Derived Activated Carbon ...

Vol. 43, No. 4, 2024

degradation. Nevertheless, due to the remarkable
difference between the efficiency decrease rates and the
fact that sulfate radical is the primary reactive species at
acid condition, SO4~ plays an essential role in PMS/ACP-
850 system [7]. On the other hand, while singlet oxygen
and superoxide anion radical are the reactive species in the
basic condition, the latter plays a key role in the
decolorization of Red-2G at pH=10.5 in the
aforementioned system [109].

UV-Vis Spectra and Degradation Process

The dye solution color gradually decomposed as the
reaction progressed in the PMS/ACP-850 system, being
indicative of a decrease in the Red-2G concentration. Fig.
12 shows UV-Vis spectra recorded for the Red-2G during
degradation process after 0, 10, 20, 30, 40, 50, 60, 70, 80,
and 90 min. Basically, the Red-2G consists of an azo bond
(N=N), a benzene ring and naphthalene ring, all of which
leads to different absorbance peaks. The maximum value of
absorption wavelength for Red-2G is 531 nm, producing the
red color that can be ascribed to the azo bond.

Furthermore, the UV region shows three bands; the
weakest one at 364 nm is related to the amide group
connected to the naphthalene ring. The other band located
at 312 nm is assigned to the naphthalene ring, and the most
intense band is correlated with the benzene ring at 236 nm
[117]. By proceeding the degradation reactions, the visible
band remarkably decreases, which essentially arises from
the fragmentation of the azo links by the oxidation process.
Moreover, the decrease in the absorbance intensity at 236
and 312 nm evidences aromatic fragment degradation in
the dye molecule as well as in its intermediates.

Proposed Mechanism for Degradation

According to the previous works, it is possible to
identify the degradation intermediates generated in the
PMS/ACP-850 system at different times on the basis of
LC/MS technologies [3, 118]. To clarify the possible
degradation mechanism at acidic and basic conditions, the
molecular structure of possible intermediates is depicted in
Schemes 1 and 2 for acidic condition, and in Scheme 3 for
basic condition. The main peak of Red-2G is not observed
after 90 min of reaction, demonstrating that the Red-2G is
degraded totally. Other peaks are related to intermediate
compounds in the Red-2G degradation process. The
three main mechanisms involved in the first step of radical
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oxidation of aromatic compounds by SO, are as follows:
radical adduct formation (RAF), hydrogen atom
abstraction (HAA), and single electron transfer (SET)
[119]. Note that the SET reaction is considered the fastest
and simplest among all chemical reactions. Based on
previous investigations, the overall reactivity of SO4* has
been shown to be significantly dependent on electron
donating/withdrawing characteristics of functional groups
existing in organic compounds [120]. However, for
aromatic compounds containing both groups, it appears
that the electron donating groups compete with the
electron withdrawing groups for most aromatic
compounds in the SET reactions. This occurrence is
similar to the reactions induced by electrophilic aromatic
substitution, whereby electron-withdrawing groups are
controlled by electron-donating ones in ring activation and
directing effects [119]. In the Red-2G molecule, hydroxyl
(-OH), Azo (ph-N=N-) and amide (CH3CONH-)
substitutions act as electron donating groups, whereas the
sulfur trioxide (-SOs) plays the role of electron-
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withdrawing group for the aromatic ring. Based on the
LC/MS/MS data of the present study and previous
investigations, it has been shown that the SET pathway (as
the main reaction mechanism) is responsible for the
degradation of Red-2G from the aromatic ring. It also leads
to the production of a phenyl radical cation, thereby
reacting with water to add a hydroxyl group to the ring
[119]. In this respect, Scheme 1 is proposed as the Red-2G
degradation mechanism. As shown in Scheme 1, the
mechanism is described in two separate sections (A and
B), pertaining to the naphthalene and phenyl azo parts,
respectively. The sulfate anion radical SOs~ may attack
both rings of the naphthalene part and produce cation
radical. In the following, each cation radical has two
possibilities for progress. In the first path, it can react with
water to generate hydroxyl cyclohexadienyl radicals
(11,13). In the second path, it may lose sulfur trioxide to
generate phenyl radical (l2,1s). Meanwhile, the sulfate
anion radical SO, can attack the ring of phenyl azo part as
indicated in section B of Scheme 1.
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The produced cation radical reacts with water to
generate hydroxy cyclohexadienyl radical (lIs), which can
be converted to the azo radical (lg) via resonance with azo
bond. The peaks with m/z= 285.4 (P1), 325.7 (P2), 255.6
(Ps), 363.4 (P4), 109.0 (Ps), 135.0 (Ps), 137.0 (P7), 150.0
(Ps), 158.0 (P9), 172.0 (P10), and 172.0(P11) are identified
(see Scheme 2). Fig. S6 presents TIC and MS spectra
obtained from degradation products of fRed-2G. The
detection of reaction intermediates in the LC/MS/MS
diagram is difficult due to the short lifetime of radical cations
(0.12-1 ps) generated in SET reactions [119]. The
mineralization of the ring-opening products is the final step.

Based on the results obtained by LC/MS/MS analysis
for basic condition, Scheme 3 illustrates a feasible pathway
for Red-2G degradation in the PMS/ACP-850 system. The
degradation process is assumed to be initiated by the
separation of azo links because of the oxidative attack of
10z 0r Oz, being generated from PMS by the activation in
the basic condition [109]. The free radicals (*O; or O;™)
produce sulfanilic acid products that can easily dissolve in
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water. Therefore, they can be detected by the LC/MS/MS
technique. Further oxidation and desulfurization lead to
the generation of mostly aliphatic organics such as
carboxylic acids, and the mineralization step occurs at the
end of the process.

Performance Comparison of the Method

Based on Table 7, different performances occurred when
using varied carbonaceous materials (especially activated
carbon as catalysts) for the degradation of the organic
compounds with known concentration. This confirmed
that different catalytic performances in the degradation
system can be obtained by various modified methods. In
fact, differences in surface properties and pore structure of
catalysts may influence the number of active sites, mass
transfer of pollutants, oxidant molecules and dispersion of
active components, thus directly affecting the degradation
efficiency [121]. In the case of ACP-850 with high surface
area (as confirmed by Sger data), larger adsorption
capacity and higher number of active sites as well as lower
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Table 7: Carbon-Based Materials Activated by PMS for Degradation of Organic Contaminants

e Pollutant PMS N\
Pollutant concentration concentration Carbon-based material ,g/L Time (h) | Degradation (%) Reference
mg/L mM
Red-2G 175 6.0 ACP-850(1+2) ,2.0 3.0 100 This Study

MO, MB 25 3.0 ACP-800(1+2) 0.5 15 100 [47]

Orange G 20 1.76 Activated carbon fiber, 0.3 0.83 100 [125]

Triclosan 10 0.8 Sludge-derived biochar,1.0 2 100 [126]

Phenol 25 6.5 Powder Activated Carbon,0.2 0.25 100 [127]

AO7 20 3.2 Granular Activated Carbon,1.0 5.0 85 [128]

Rhodamin B 10 0.5 Biochar, 0.5 - 81.9 [129]
\_ MB 50 0.3 N-doped Carbon, 0.3 - 98.7 [130] Y,
4 =] CH; [ <H; ™~

;Tl// SO-3H I—T:r.l/ SO5H
N=N PMS/ACP o, /1 NN
- sk AN e
o CH; (o] CH3 CH;,
HN SO;H l-?-l/ SO;H H:N ‘ SO:H
HO ‘ HOOC ‘
H,N E -
OzH OzH OOH
S Os;H ' 503H

- J

Scheme 3: Possible Degradation Mechanism of Red-2G by the PMS/ACP-850 System In Basic Condition

mass transfer resistance are expected to occur, being
advantageous for ACP-850 to activate PMS as an
oxidation agent. In addition, the increase in the Red-2G
and PMS adsorption on the surface of the catalyst can
facilitate the degradation in the electron transfer way [122,
123]. Consequently, the carbon configuration and porosity
are considered two key factors for biomass-based activated
carbon in advanced oxidation processes [124].

CONCLUSIONS

PNS-derived activated carbon has been proposed as a
modified catalyst (ACP-850) with ultra-high surface area
for activating PMS as a native activator to degrade Red-
2G in water and waste water media. The key findings of
this study are summarized as follows:
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- The use of pistachio nutshell (PNS) for producing ACP-
850, which is easily and affordably available in
large quantities in Iran.

- The production of high surface area activated carbon
(2318 m?/g) by thermal treatment of the powdered biochar
sample with potassium oxalate in the inert atmosphere as
a green catalyst.

- The use of an intelligent approach (DSD) as a new design
for simultaneous screening and optimization of the six
variables at 3 levels by just 26 test runs.

- According to the response function, DE value of 100%
could be achieved under the following conditions:
PMS=6.0 mM, ACP=2.0 g/L, pH=3.0 and time= 180 min
at room temperature for the Red-2G concentration of 170
mg/L. This concentration was the highest amount that was
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degraded with PMS activation by agricultural waste-
derived activated carbon compared to the previous studies.
- Based on the investigation performed on reusability, the
possibility of the frequent use of ACP-850 in the dye
degradation from the contaminated solution was confirmed.

- The radical quenching experiments showed that sulfate
anion radical (SO4™) and superoxide anion radical (O;"")
played key roles as reactive species in the PMS/ACP-850
system at acidic and basic conditions, respectively.

- As the main reaction mechanism, the SET pathway was
found to be responsible for the degradation of Red-2G in
acidic condition. Moreover, the degradation process was
initiated by the separation of azo links, arising from the
oxidative attack of 1O or O™ in the basic condition.
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