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Eco-friendly approach for efficient catalytic degradation of organic dyes through
peroxymonosulfate activated with pistachio shell-derived biochar and activated

carbon

Ali Gholami ©@ and Fakhreddin Mousavinia

Faculty of Chemistry, Department of Analytical Chemistry, University of Kashan, Kasha, Iran

ABSTRACT

This study introduces a simple method for the preparation of biochar (BCP) and activated carbon
using pistachio (ACP) external hull as residual solid waste. Low-cost raw materials, biodegradable,
recyclable and organic solid wastes are advantages of this method. Furthermore, complete
degradation of methyl orange (MO) and methylene blue (MB) to H,O and CO, as eco-friendly
compounds in mild reaction condition occurs at a short time. Also, the effects of crucial
parameters (temperature, time, catalyst dosage, initial dye and oxidant concentration, initial
reaction pH level and radical scavengers), capability, adaptability, performance and reusability of
ACP were also evaluated. The results displayed that dyes could be decomposed effectively by
the PMS/ACP-800 system. Furthermore, the sulphate radical (SO;~) was a major active role in
the degradation process, while hydroxyl radical ("OH) played a minor role. Overall, ACP had
yielded high degradation of MB and MO dyes; therefore, ACP-800 could be effectively and
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reliably applied in the treatment of industry effluents containing MB and MO dyes.
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1. Introduction

Synthetic dyes are being used widely in leather, textile,
paint, paper, plastic, cosmetics, printing, food and
pharmaceutical industries and the like. In recent times,
there has been an increasing concern about synthetic
dyes that are released into waste water in environment
and usually are stable for an extended time due to
their non-biodegradable nature [1,2]. Most of these
dyes in waste water are considered toxic, carcinogenic
and mutagenic and consequently, exposure to them is
much harmful to the ecosystem. They can cause numer-
ous problems such as skin irritation, dermatitis and
rashes, liver and kidney damage, headaches, diarrhoea,
nausea, joint pain, irregular heartbeat, seizures and poi-
soning the central nervous system in both humans and
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animals [3-5]. Therefore, owing to the biotoxicity and
constancy in structures of these organic dyes, it is
highly necessary to develop eco-friendly methods for
the reduction or removal of dyes and dyestuffs in
waste water.

Diverse physicochemical methods have been exten-
sively applied including the adsorption [7-15], floccula-
tion [16], coagulation [17,18], membrane separation or
filtration [19-21], chemical oxidation [22-24], catalytic
degradation [25-29], photo catalytic degradation [30-
36], electrochemical decomposition [37], ozonation
[38] and Fenton process [39-41] to treat the waste
waters contaminated with dyes [6].

Lately, advanced oxidation processes (AOPs) have
been proposed to treat the emerging contaminants in

CONTACT Ali Gholami @ AGholami@kashanu.ac.ir @ Faculty of Chemistry, Department of Analytical Chemistry, University of Kashan, Kashan, I.R

8731753153, Iran
© 2021 Informa UK Limited, trading as Taylor & Francis Group


http://crossmark.crossref.org/dialog/?doi=10.1080/09593330.2021.1922510&domain=pdf&date_stamp=2021-05-13
http://orcid.org/0000-0002-9145-9815
http://orcid.org/0000-0002-3745-807X
mailto:AGholami@kashanu.ac.ir
http://www.tandfonline.com

2 (&) A .GHOLAMIAND F. MOUSAVINIA

the water samples. The conventional AOPs show
excellent performance in the removal of emerging
contaminants, and their mechanisms are chiefly based
on the hydroxyl and sulphate anion radicals that are
generated via peroxymonosulfate (PMS) reactions in
the solution [42].

In recent years, advanced degradation processes
based on carbon have been widely studied and
become a prospective method for the destruction of
Methyl Orange (MO) and Methylene Blue (MB) as
main waste water-contaminating components, which
are used in million tons annually [8,10,26,37,39,43—
45]. Among these, the following can be mentioned
to the degradation of MO; under microwave
irradiation using Fe/FesC@C catalysts through
generations of OH and O;~ free radicals [43],
carbon-doped BiOl photocatalysts [45] and carbon
foam-loaded nano-TiO photocatalyst [44] and also
degradation of MB; by CoO loaded on mesoporous
carbon nitride through the formation of SO;~ and
OH" as major reactive species [26] and by N-doped
carbon/CuO-Fe203 (NC-CuFe) nanocomposite in the
presence of H,0, [39]. On the other hand, in most
above-mentioned studies, MO and MB are only
decomposed into smaller substances that may still
cause harm to the environment. Among carbon-
based catalysts or absorbents, activated carbons, due
to their user-friendliness, high specific area and
good performance in removal dyes, have attracted
the attention  of researchers [8-11] but several
difficulties, such as low removal efficiency, require-
ments of costly reagents and sophisticated monitoring
system and disposal problem of toxic sludge, limit
their application. Therefore, developing low-cost raw
materials for the preparation of activated carbon
would be more desirable. Carbonaceous materials, as
environment-friendly catalysts, reduce the use of the
other types of oxidant activators such as toxic and
expensive metals.

The huge amount of crop wastes is a serious global
problem. Consequently, extensive studies have been
performed to apply these solid wastes [46-48].
Especially, pistachio has attracted more attention due
to its massive total world production (around 586,200
MT in 2017-2018 [49,50]).

On the other hand, one of the most important
horticultural crops cultivated in Iran is pistachio.
According to the published statistics, the area
under cultivation of pistachio in Iran is more than
300,000 ha. Currently, Iran is the largest producer
of pistachios in the world and annually, disposal of
the wastes obtained from cultivation and processing
is an important problem [51]. Pistachio’s external

green hull is 35-45 % of its total weight that is gen-
erally dumped as by-products and solid waste [50],
by the agricultural and food industries. Several
studies have been done on pistachio to use it as a
renewable source such as adsorption of Cu(ll) using
pistachio shell as a green absorbent [52], extraction
of polysaccharides from pistachio external hull as a
meat preservative in food products [50], stabilizing
Pickering emulsions by cellulose nanocrystals are pro-
duced by pistachio shells, removal of uranium from
contaminated industrial seawater is done using pista-
chio shells [53,54]. It seems that pistachio residual is
a suitable resource for the production of activated
carbon [55].

Pistachio shell mostly consists of lignin, hemicellu-
loses and cellulose. Such a composition makes pistachio
shell a suitable raw material to produce new adsorbents
and catalysts for waste water treatment systems [56].
Keeping all these in view, this study focuses on the pro-
duction of activated carbon using pistachio solid waste
as a renewable source through a simple process with
potassium oxalate as the activating reagent. Potassium
hydroxide is the most widely used activating reagent,
but due to toxicity and high corrosiveness, its appli-
cation for high-scale production is restricted. Potassium
oxalate is preferred for producing active carbons with
different applications. An additional benefit of this acti-
vating agent is it produces high surface area and, impor-
tantly, the product yield is almost twice that of using the
KOH activator [57-59].

Therefore, in this study, the less corrosive and easy
controllable potassium oxalate salt was used as an
alternative reagent to produce biochar and activated
carbon from pistachio nut shell. The efficacy of the pro-
duced activated carbon and PMS reagent as an effective
and reusable catalyst system was studied in complete
degradation of MO and MB to H,0 and CO,.

2. Material and methods
2.1. Material and apparatus

All chemicals were at least of analytical grade and were
used as received without further purification. PMS (pot-
assium proxymonosulfate, as oxone KHSOs-0.5KHSO,
0.5K,S0,4, KHSO5 > 47%) and tert-butyl alcohol were pur-
chased from Sigma-Aldrich. Methylene blue (MB,
CisHisCINsS. x H,O (x=2 or 3)), methyl orange (MO,
CisH1aN3NaOsS), potassium oxalate mono hydrate (C,K,.
04.H,0), sodium hydroxide (NaOH), hydrochloric acid
(HCl) and ethanol (ETOH) were purchased from Merck.
TOC reagent was purchased from HACH Company. A
seven compact pH meter (Mettler Toledo, $220) was



used to measure the pH values. Ultrapure water (18.2
MQ-cm) from an AquaMax — Basic 360 Series water purifi-
cation system was used to prepare all the solutions
required in the present work. A shimadzu analytical
balance (AUW 220 D series) was used for weighing the
dyes and PMS. Electric muffle furnace (ADVANTEC-
FUW232PA) and electric drying oven (ADVANTEC -
DRA430DA) were used for preparing the pistachio nut
shell catalysts and drying of the catalysts in the prep-
aration step, respectively. The IR spectra (KBr) were
recorded on Perkin - EImer GX Fourier transform infrared
spectrometer (FT-IR). The XRD measurements were done
by a Bruker D8 Advance powder diffractometer, using Cu
Kq (A= 1.54 A°) as the incident radiation. The GC/MS from
AGILENT Company (7890A GC SYSTEM / 5975C inert
MSD with triple axis detector) was applied for degra-
dation analysis, which is equipped with the Rtx-wax
polar column (USA) with a length of 30 meters, an ID
of 0.25 mm and a thickness of 0.25 pm.

2.2. Preparation of the biochar and activated
carbon from pistachio nut shells (BCP, ACP)

Different biochar and activated carbon were prepared by
varying the temperature (5000r 800°) and different ratio
of pistachio nut shells (PNs) to potassium oxalate
(C5K504) and tested in the decolourization of MO and MB.

The crushed pistachio nut shells were dried in the oven
at 100°C for one hour, after that they were pounded in the
mortar by gentle blows to be converted into millimetre
particles. Different ratio amounts of PNs/C;K,04 (W/W: 1/
1, 1/1.5 and 1/2) were mixed in the crucible homogenously
by blending with a spatula, then the crucible was placed in
the furnace under nitrogen purging (100 ml/min) in
desired temperatures (500 or 800°C) for 2 h. Then the
mixture was cooled down to 100°C under nitrogen
purging. The obtained biochar (BCP-500) and activated
carbons (ACP-800) were washed with purified water separ-
ately till the pH of the washed solution reached to around
7.5, and finally the washed samples were dried at 100°C in
the drying oven for 2 h.

2.3. Catalytic degradation experiment

The general degradation process was done in 100 mL
conical flasks. The temperature (25°C) and pressure (1
atm) of the reacting solution were kept constant
throughout the experiments. Desired amounts of
oxidant (PMS) and dye (MO or MB stock solutions)
were added into the reactor and pH adjustment was
done using HCl and NaOH solutions. Then a certain
amount of ACP/BCP was added into the reaction
mixture which contained oxidant and dye. During
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degradation processes, the solution was stirred with a
magnetic stirrer to ensure a complete mixing. At the
given reaction time intervals, approximately 2.0 mL of
sample was withdrawn and the dye content was deter-
mined immediately. The degradation of the MO and
MB was monitored immediately by maximum absor-
bance at wavelengths of 464 and 664 nm, respectively.
The C,/Cy value was used for illustrating the degradation
efficiency, where Cy is the initial MO or MB concen-
tration, C; is the concentration at time in the ACP/PMS
system. The mineralization of MO/MB dyes was charac-
terized by the TOC (total organic carbon) of the reaction
solutions after 1 and 24 h. Every experiment was done
three times and the obtained results were similar.

3. Result and discussion

3.1. Characterization and properties of the BCP
and ACP catalyst

Biochar (BCP) and activated carbon (ACP) of pistachio
shell as a carbonaceous material were derived from
waste pistachio shell by pyrolysis at 500 and 800°C,
respectively for 2 hrs in a closed crucible in the furnace
[57,58,60]. The structural and morphological analysis of
synthesized biochar and activated carbon of pistachio
shell was done by a SEM (scanning electron microscope),
EDAX (Energy-dispersive X-ray spectroscopy) and XRD
(X-ray diffraction).

EDAX analysis was used for determining the compo-
sition and abundance of elements in samples. Figure 1
(A-C) shows the typical EDAX analysed for pistachio
shell and ACP-800. Figure 1 illustrates that C, O, K and
S atoms are the main chemical elements on the
sample. Increased pyrolysis temperature (from 500 to
800°C) results in decreased total carbon amount from
85.01 to 66.21 %, increased oxygen amount from
10.37% to 13.31%. Table 1 summarises the EDAX data
of biochar and activated carbon samples as BCP-500(1
+1) and ACP-800(1+2), respectively. Except the prep-
aration temperature (500°C), due to the performance
and obtained surface area by BET experiment, the
sample of BCP-500(1+1) is considered as biochar. Gener-
ally as an accepted definition, biochar is a carbon-rich,
fine grained and porous material produced by heating
organic matter at temperature not above 700°C [61].

It seems that at higher temperatures the porosity
increases related to the conversion of aliphatic com-
pound to aromatic compound [54]. In this process,
increasing the activation temperature (800°C) of pista-
chio shell reduces the yield of the activated carbons.
This is predicted because the content of volatile com-
pounds is raised when activation temperature is
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Figure 1. SEM images of (A) ACP-800(1+1), (B) ACP-800(1+1.5), (C) ACP-800(1+2), (D) EDAX pattern of ACP-800(1+2).

increased to 800°C. These are also exhibited the
decrease of volatile content and increase of fixed
carbon by increasing the activation temperature. The

Table 1. Elemental analysis of BCP-500(1+1) and ACP-800(1+2)
obtained by the EDAX analyzer.

BCP-500(1+1) ACP-800(1+2)
Element ~ Weight%  Atomic% Element ~ Weight%  Atomic%
CK 85.01 90.16 CK 66.21 79.33
oK 10.37 8.26 OK 13.31 11.98
SK 1.03 0.41 SK 14.26 6.40
KK 3.59 1.17 KK 6.22 2.29

SEM image and EDAX pattern of ACP-800, prepared at
various ratios of oxalate to pistachio shell, are presented
in Figure 1. The surface morphology characteristics of
the ACP-800, applied as a natural activator, were evalu-
ated through SEM images. Figure 1(A-C) shows the
smooth and closed surface texture of the ACP-800, and
also the free space of the cavities related to the lignin,
hemicellulose and cellulose of organic components
[54]. There is a good possibility for oxidant and dye mol-
ecules to be trapped and degraded. In fact, the porous
nature and presence of cavities on the surface of
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Table 2. Textural characteristics of pistachio nut shell-derived biochars (BCP-500(1+1)) and activated carbon

(ACP-800(1+2)).

Pistachio- shell-derived activated carbon (ACP-800(1+2))

Properties Biochar (BCP-500(1+1))
BET surface area (m*g™") 114.97
Langmuir surface area (m*g™") 137.5
Average pore diameter (nm ) 1.917
Total pore volume (cm®g™") 0.0474

132843
1591.81
1.648
0.5999

samples is useful for the trapped process for dye degra-
dation. ACP activators applied in this investigation were
produced by impregnating pistachio nut shell with a
different ratio of K,C,04H,O and then activated at
800°C. Initially, increasing the amount of K,C,04.H,0
diminishes the weight loss of the activated carbon
related to the inhibition of tar generation by K,C;0,.H,.
0O, leading to increased carbon yield [54,62,63]. Based on
the above results, the performance of ACP-800 (1+2) is
presumably higher than those of ACP-800 (1+1.5) and
ACP-800 (1+1).

Detailed characteristics of the porosity of char (BCP-
500) and pistachio shell-derived active carbon (ACP-
800(1+2)) have been summarised in Table 2. It can be
observed that BET surface area, Langmuir surface area,
and total pore volume of ACP-800(1+2) were improved,
implying the development of additional pores during
chemical activation by excess potassium oxalate at
800°C under nitrogen purging.

Figure 2 shows the XRD patterns of pistachio shell and
ACP-800. Cellulose, as a main structural component in pis-
tachio shell, is observed in the XRD patterns. In ACP-800,
the intensity of the main peaks is lower and the peaks
become broader confirming a less ordered structure. Fur-
thermore, the typical peaks of the residual inorganic
matter, such as K,COs, are easily observed in ACP-800
due to the decomposition of K,C,0,4.H,0 above 700°C [57].

K2C204 — K2C03 + co (1)
2K2C204 —> 2K2CO3 + C + C02 (2)
K,CO3 4+ 2C — 2K 4 3CO (3)

The XRD patterns of ACP-800 are characterized by the
more or less elevated background between (26 = 15 and
45), related to the presence of organic material. The
characteristic and broad peak of the carbonaceous struc-
ture can be detected. Based on the data, it is concluded
that this peak is broader and weaker in ACP-800
samples, when compared to pistachio shell sample,
probably implying a less ordered structure.

FT-IR spectra of biochar samples are illustrated in Figure
3. The wide peaks seen for BCP(500) at around 3442 cm™"
and for ACP(800) samples at around 3425 cm™! indicate
the presence of hydroxyl group (—OH) stretching whose

intensity of peak is increased with the increment of the
temperature from 500 to 800°C.

The peaks at 2855 and 2925 cm™’, also observed in all
samples, are attributed to aliphatic C—H deforming
vibration [64,65]. Both these events occur due to the
conversion of aliphatic to the aromatic structure in par-
allel with oxygen amount enhancement during the
increase of activation temperature. The band at
1720 cm™" for BCP(500) is related to v(C=0) vibration
in the carbonyl group or the presence of carboxylic
bonds [66,67]. The intensity of these bands diminished
at higher temperatures owing to the degradation of car-
bonate compounds. The bands at around 1630 cm™'are
attributed to the presence of aromatic C=0 ring stretch-
ing or C=C stretching of aromatic groups in lignin which
indicates the presence of residual lignin after degra-
dation. So, these bands are more intense in the spectra
obtained at higher temperatures as envisaged. It is
expressed that the conjunction of the carbonyl groups
with the aromatic ring is determined at the exact pos-
ition of the peaks (around 1600-1700 cm™') and the pro-
portion of these peaks is represented the charring rate
[68,69]. The characteristic peaks of the aromatic C=0
ring stretching appear at 1500-1430 cm™". The band at
1385 cm™'is attributed to 8(C=H) vibration in alkanes
and alkyl groups [70].

The peak shown at 1045 and 1135 cm™" in biochar BCP
(500) and ACP(800) are related to aliphatic ether, alcohol C
—0 or aromatic stretching, O—H deformation vibrations in
cellulose and hemicelluloses. These functional groups
decrease at temperatures higher than 300°C showing the
degradation of hemicelluloses and cellulose [71,72].

In the region 800-600 cm ™' aromatic and hetero aro-
matic compounds are verified by C-H wagging
vibrations. The intensity of these peaks increases for
ACP(800) because of the durability of these compounds
and the possible cyclization phenomenon. It is stated
that the stability of biochar is dependent on the conver-
sion of the primary carbon structure to polycyclic aro-
matic structures during the pyrolysis process [73].

3.2. Catalytic degradation of BCP and ACP

Figure 4(A,B) shows the decolourization of MO and MB
by PMS oxidation, pistachio adsorption and pistachio
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Figure 2. XRD pattern of (A) pistachio shell, (B) ACP-800(1+1), (C) ACP 800(1+1.5), (D) ACP-800(1+2).

catalytic PMS oxidation. MO and MB adsorption on the
ACP activator was a fast process, and the absorption
equilibrium could be reached during <10 min, as
shown in Figure 4. The degradation ratios of MB and
MO dyes were 27 and 23% in the system of ACP
during reaction time in 90 min, respectively. It can be
seen that the MB and MO elimination rates were negli-
gible in PMS alone system related to the low oxidation
potential (E(()HSOS—/HSO4—)=+1-82 V vs. NHE). It seems
that the activation of PMS is necessary for application
in degradation systems because of its low reactivity
(48%). Evidently, there existed a synergistic effect in
the ACP/BCP and PMS degradation systems. ACP can
donate an electron to PMS to form the reactive radical
and anion radical as Equations (4)-(6.) to initiate the

destructive reactions [74].

HSOZ + ACP — SO,  + OH™ + ACP* @)
HSO; + ACP — SO;~ + OH* + ACP* (5)
HSO; + ACP™ — SO;* + H' + ACP (6)

Therefore, ACP has a great catalytic activity of PMS
activation for MB and MO degradation. Furthermore, it
should also be detected that the MB and MO degra-
dation rates in the both systems are equal (Figure 4(A,
B)). This phenomenon may be related to the fact that
ACP and BCP had an equal adsorption rate for MB and
MO dyes. These results illustrate that PMS oxidation cat-
alysed by ACP and BCP play an essential role in
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Figure 3. FTIR spectra of biochars: A: BCP500(1+1), B: ACP800(1+1), C: ACP800(1+1.5), D: ACP800(1+2).

decolourization of MO and MB dyes. The experiment
results showed that the catalytic performance of the
ACP activator towards oxidant activation was signifi-
cantly influenced by their annealing temperature, as
shown in Figure 4(C,D). In the temperature range of
500-800°C, the ACP treated at higher temperature
exhibited an increased activation potential for oxidation
of MO and MB [63]. The operating parameter results
confirmed that ACP-800 activator had a higher adsorp-
tion ability due to its high surface areas and higher
removal efficiencies of MO (average 87.3%) when com-
pared with BCP-500 (62%) during time reaction. To
obtain further insight into the effects of pivotal par-
ameters in the degradation efficiency of MO and MB
dyes, ACP-800 (1+42) was selected for the tests in the fol-
lowing research studies because of its excellent catalytic
efficiency (94%).

3.3. Effects of pivotal parameters on the
degradation efficiency of ACP-800

3.3.1. Effect of temperature
In the AOP, degradation efficiency could be influenced
strongly by parameters including temperature, amount

of activator, PMS dosage, concentration of dye and pH
values. Figure 5(A,B) shows the influence of temperature
on the degradation rate of MO and MB. It is easy to see
that the degradation efficiency of MO and MB increased
with temperature from 15 to 60°C. When the temperature
was 60°C, MO and MB can be oxidized during reaction time
in 90 min, as shown in Figure 5. Increasing the temperature
has a positive effect on the chemical degradation rate of
dye and increases the activating capacity of oxidant and
in parallel, PAC 800 as the catalyst could work at high
temperatures that indicated the structure of the catalyst
is maintained at elevated temperatures. Consequently, in
this work the increase of temperature accelerates the
degradation efficiency of MO and MB [75-78]. However,
due to the high energy required that makes heat activation
inapplicable for large scales and, given that the biological
temperature in the nature is 25°C and finally, due to the
proper degradation performance Figure 5(A,B), the 25°C
is selected to continue the research.

3.3.2. Effect of ACP dosage
Figure 6(C,D) exhibits the effect of ACP concen-
tration on MO and MB decolourization in the ACP-
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Figure 4. Effect of pivotal parameters on MO and MB degradation (A) PMS only, Pistachio only and PMS+Pistachio ([MO], = 0.03 mM
(10 mg/L), [ACP]1=0.5 gr/L, [PMS],=1.6 mM, pH =4, 25°C), (B) PMS only, Pistachio only and PMS + Pistachio ([MB],=0.03 mM
(10 mg/L), [ACP]l,=0.5 gr/L, [PMS]=1.6 mM (25 mg/100c), Temp: 25°C), (C) Effect of BCP and ACP type on MO degradation
(IMO], = 0.03 mM(10 mg/L), [ACP],=0.5 gr/L, [PMS] = 1.6 mM, pH =4, 25°C), (D) Effect of BCP and ACP type on MB degradation
(IMB], = 0.03 mM (10 mg/L), [ACP], = 0.5 gr/L, [PMS], = 1.6 mM, pH =4, 25°C).

activated PMS system. The removal efficiency of MO
and MB increased with the increase of ACP dosage.
When the dosage of ACP was 0.1 and 0.3g/L,
respectively, the final concentration ratio (C,/Cy) was
0.21 and 0.13 for MO, and it was 0.2 and 0.16 for
MB, respectively. Moreover, a complete degradation
of MO and MB was observed at last minutes when
ACP dosage was 1g/L, MO and MB was removed
within 80 min. The effect of ACP on degradation
was mainly due to the active sites on the surface
of ACP. Higher dosage of ACP can provide more

active site to adsorb and activate PMS to form rad-
icals, which can increase the removal efficiency of
MO and MB [79]. Vice versa, low dosage of ACP
could not provide enough active sites to activate
1.6 mM of PMS. Accordingly, the reactive species
are not enough to oxidize the dyes, resulting in
the low removal efficiency of MO and MB. When
the reactive species were completely consumed,
the degradation of MO and MB stopped, which led
to the incidence of the plateau in the curves after
80 min.
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Figure 5. Effect of temperature on degradation efficiency (A) MO and (B) MB in PMS/ACP-800 (1+2).
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Figure 6. Effect of various parameters in the degradation of MO and MB; (A) Effect of time on MO degradation: [MO], = 0.03 mM
(10 mg/L), [ACP]l,=0.5gr/L, [PMS],=1.6 mM, pH=4, 25°C, (B) Effect of time on MB degradation: [MB],=0.03 mM(10 mg/L),
[ACP]=0.5 gr/L, [PMS] = 1.6 mM, pH =3.54, 25°C, (C) Effect of ACP concentration on MO degradation: [MO], = 0.03 mM(10 mg/L),
[ACP]1=0.5 gr/L, pH=3.5,[PMS] = 1.6 mM, T=25°C, (D) Effect of ACP concentration on MB degradation: [MB], = 0.03 mM(10 mg/
L), [ACP]1=0.5 gr/L, pH=3.5,[PMS]=1.6 mM, T=25°C, (E) Effect of PMS concentration on MO degradation: [MO], =0.03 mM
(10 mg/L), [ACP]1=0.5 gr/L, pH=3.5, T=25°C, (F) Effect of PMS concentration on MB degradation: [MB], = 0.03 mM(10 mg/L),
[ACP1=0.5 gr/L, pH=3.5, T=25°C,(G) Effect of initial MO concentration: [ACP1=0.5 gr/L, pH=3.5,[PMS] =3 mM, T=25°C, (H)
Effect of initial MB concentration: [ACP] = 0.5 gr/L, pH = 3.5,[PMS] =3 mM, T =25°C.

3.3.3. Effect of PMS concentration

It can be seen that the optimal dosage of PMS was
1.0 mM for MO and MB removal efficiency. MO and MB
degradation rate increased within 90 min as the PMS
dosage increased from 1.0 mM, and the results are
depicted in Figure 6(E,F). According to these results, it
can be concluded that persistent free radicals (PFRs)
formed from PMS decomposition raised with the

increase of oxidant dosage. On the other hand, the
content of PFRs can directly influence the degradation
efficiency of dye. Although improving the PMS concen-
tration till 3mM can accelerate the dye removal related
to more oxidizing species produced, it is not an appro-
priate proposal to use PMS with too high dosage
because of the unavoidable ecological risk of residual
K" and SO;™ in the solution after application. The
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Figure 7. Effect of pH value in the degradation of MO and MB; (A) [MO], = 0.03 mM (10 mg/L), [ACP] , = 0.5 gr/L, [PMS],= 1.6 mM, T
=25°C, (B) [MB], = 0.03 mM (10 mg/L), [ACP] = 0.5 gr/L, [PMS] = 1.6 mM, T = 25°C.

result of experimental test illustrated that the higher
concentration of PMS (5mM) can decrease the degra-
dation rate of PMS/ACP-800 to oxidize dyes, because
the residue of unreacted PMS could react with the
SO;~ and produce the SO:~ (SO: /HSO5(1.1 V)) with
less reactivity in comparison with SO;~ [79].

HSO: 4 SO;* — SO;° +S02™ + H* (7)

3.3.4. Effect of pH
The pivotal influence of pH value on MO and MB degra-
dation is shown in Figure 7. pK, of MO and MB is 3.40
and 3.14, respectively. At pH 3.50 and 3.52, the optimal
MO and MB degradation efficiency was obtained,
respectively. Further increase of pH could decrease the
removal rate of dye solution. The pH of the MO and
MB solution has an effect on the degradation
efficiency, because it changes the surface charge and
the solubility of the dye. The degradation of MO on
the PMS/ACP-800 system decreased as the pH increased
from 3.50 to 9.40. It seems that the acidic condition is
suitable for decolourization of MO for two reasons.
Firstly, the surface of ACP-800 is ionized to carry a posi-
tive charge at low pH value. Therefore, due to the signifi-
cant increase in the electrostatic interactions, the
adsorption capacity increases for anionic MO dye. Sec-
ondly, MO dyes carry both positive and negative
charges to produce an intermolecular salt, leading to
the diminished hydration between MO and water mol-
ecules, and MO dyes are significantly adsorbed on the
surface of the ACP-800. In addition, increasing pH
would cause increased electrostatic repulsions
between the negatively charged surface and the dye
molecules, resulting in a decrease in degradation
efficiency [80,81].

Similar to MO, the degradation of MB on the PMS/
ACP-800 system decreased as the pH increased from

3.52 to 9.42, but the differences between degradation
rates of mentioned pH values are less than those of
MO . According to the obtained results and considering
the MB as a cationic dye, it seems that adsorption mech-
anism on ACP take places via the following two paths.
The first path is electrostatic force between MB that
remained a negative charge on the adsorbent surface,
considering the presence of repulsive forces between
the solution media and the MB molecules which may
derive the dye molecules towards the ACP surface. The
second path is on-going via interaction between MB
and aromatic rings in the ACP-activated carbon which
led to more adsorption of MB on the ACP surface.

3.3.5. Effect of initial MO and MB concentration

The influence of initial concentration of MO and MB on
the degradation percent in the PMS/ACP-800 system is
investigated in Figure 6(G,H). These tests are evaluated
by keeping 0.5 g/L ACP-800 dose, at pH=3.5, 3 mM
PMS dose and 1.5 h degradation time constant. ACP
and PMS were added into 100 mL of the prepared
dosage (5 to 25 ppm) of dye solution. The solution
of 2.0 mL was pipetted out after desired time interval
and filtered out. Then the concentrations of MO and
MB were analysed immediately by maximum absor-
bance at wavelengths of 464 and 664 nm, respectively.
This result confirms that the degradation rate of the
dye from aqueous solution was found to decrease
with increasing initial dye dose (Figure 6(G,H)).

3.4. TOC removal

TOC (Total Organic Carbon) analysis reflects mineraliz-
ation of organic compounds. As depicted in Figure 8,
the reduction levels of TOC for MO and MB at 1 h and
24 were 4.10 %, 31.00 %, 4.90% and 29.60%, respectively.
It could be thought that mineralization stopped after
24 hrs.
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Figure 8. TOC reduction of (A) MB and (B) MO degradation in the ACP-800-PMS system, [MB], = 0.03 mM, [MO], = 0.03 mM, [ACP] =

0.5 gr/L, pH=3.5, T=25°C.
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Figure 9. Reusability of MB and MO degradation in the ACP-
800-PMS system, [MB], =0.03 mM, [MO], =0.03 mM, [ACP]=
0.5 gr/L, pH=3.5, T=25°C.

The occurrence of mineralization of dyes showed that
partial MO and MB was oxidized to carbon dioxide
during the experiments [79].

3.5. Reusability of ACP-800

It is noted that carbonaceous materials may lose the acti-
vation capacity after a period of use related to the
surface deactivation. The decreased catalytic ability of
ACP-800 was probably ascribed to the block of adsorp-
tion and catalytic active sites by the intermediates
formed during decolourization process [79]. As shown
in Figure 9, reused experiments depicted that the ACP-
800 catalyst has a good reusability with MO and MB
efficiency after 3 cycles under optimal condition.

3.6. Effect of waste water media on MO
degradation efficiency and method comparison

As shown in Figure 10, the MO degradation in the actual
wastewater is monitored. The MO removal efficiency
diminished to 89.0 % in comparison with control exper-
iment. This demonstrated that wastewater components
had a negative effect on the degradation of MO. The
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Figure 10. MO degradation in waste water media. [MO], =
0.03 mM (10 mg/L), [ACP], = 0.5 gr/L, [PMS], =3.0 mM, T=25°
C.

wastewater ingredients, such as organic compounds,
can react with active radicals the same as SO, * and
‘OH, which caused diminishing amounts of radicals
reacting with MO, and as a result the dye degradation
efficiency is reduced.

Table 3 summarizes the studies on the activation of
PMS by the carbonaceous materials for the degradation
of some contaminants.

As presented in Table 3, for the removal of the
organic compounds, different performance was
observed when using different carbonaceous materials
as catalysts, which shows that different modified
methods have different catalytic effects. Moreover, to
attain the removal of organic contaminants, different
amounts of catalyst and oxidants (PMS) were needed.

3.7. Identification of reactive radicals

To depict the degradation mechanism in detail, the
involved SO; * and "OH during the degradation system
were identified by radical trapping tests. Radical
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Table 3. Carbon-based material-activated PMS for the degradation of the contaminants.

Pollutant PMS Carbon-based Reaction Degradation
Pollutant Source water concentration concentration material pH time(h) (%) Reference
Methyl Orange, Deionized water 25 mgL_1 3mM ACP-800(1+2), 3.50 1.5 100 This
Methylene Blue and Waste water 05gL7" Study
Orange G Waste water 44 uM 20 mgL_1 1.76 Activated carbon 7.0 0.83 100 [88]
fibre, 0.3 gL‘1
Phenol Ultrapure water 20 mgL™" 2q9L7" N-modified carbon 6.5 4 100 [89]
nanotube 0.2 gL™"
Azo dye (AO7) Deionized water 57 uM 1.14 mM Carbon nanotube 7 0.83 100 [90]
20 mgL™’ 0.1gL7"
Triclosan Water and waste 10 mgL™" 0.8 mM Sludge-derived 7.2 2 100 [79]

water

biochar 1.0 gL™

quenching tests were performed using ETOH and TBA (t-
butyl alcohol), respectively. Actually, alcohol makes chal-
lenges with the organic compound to react with the
radical species so that the degradation rate is awaited
to be decreased.

A considerably inhibition event was occurred when
ETOH was added to the degradation system as a a-
hydrogen-containing alcohol.

ETOH is scavenging both radicals (SO;° and "OH)
((Keror--on = (1.8-2.8) x 10°M ™' S™",  Keron S04-. =
(16-7.7) x10’M~'S™" )), while TBA is the scavenger
of 'OH because TBA does not contain a-hydrogen
and has a much higher tendency to scavenge
hydroxyl radical  ((Krga.on=(3.8-7.6) x 10 M~'S™",
Kiea — soa.=(4.0-9.1)x10°M'S™" )) [74,82]. The
presence of 1.0 M ETOH caused significant suppres-
sion in the oxidation process, with the decolourization
efficiency diminishing from 89%, 90% to 35 %, 37 %
for MO and MB, respectively. For TBA-added test,
the presence of 1.0 M TBA suppressed the oxidation
process with the decolourization efficiency diminish-
ing from 89%, 90% to 76%,77 %, respectively. So,
the efficiency decreasing rate of ETOH and TBA
systems is (54% for MO, 53% for MB) and (13% for
MO, 13% for MB), respectively.

i

Degradation (€/C.)

Time (min)

On the other hand, sulphate radicals are the main
active species at acid condition that are strong oxidants
with high oxidation potential (2.5-3.1 V) that can be pro-
duced by breaking the peroxo-bond of PMS during the
experiment. Also sulphate radical has a higher half-life
time than hydroxyl radical (30-40 ps vs 20 ns) consider-
ably due to its ability to react with organic species
during electron transfer, while hydroxyl radical acts ran-
domly and takes part in different reactions with the
same tendency [74].

According to the results, both SO;* and "OH have
their effect in the degradation process but due to the
notable difference between the efficiency diminishing
rates sulphate radicals are the primary reactive species
at acid condition [74], so SO, ° plays an essential role
in the ACP-800-PMS system (Figure 11).

3.8. Degradation mechanism

By the PMS/ACP-800 system, the colour of the dye sol-
ution is gradually faded as the reaction proceeded,
which indicates that the MO concentration decreased
obviously. According to the previous work and exper-
imental tests, the degradation intermediates produced
in the ACP-800-PMS system at different times were

Degradation (€/C.)

Teme min)

Figure 11. Effect of scavenger on MO and MB degradation; (A) [MO], = 0.03 mM, [ACP] = 0.5 gr/L,[PMS] =3 mM, T = 25°C, (B) [MB], =

0.03 mM, [ACP] = 0.5 gr/L, [PMS] =3 mM, T=25°C.
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Scheme 1. Plausible degradation mechanism of MO by the ACP-800-PMS system.

identified by GC-MS technologies [83,84]. To propose the
possible degradation mechanism, the molecular structure
of possible intermediates is shown in Scheme 1. The main
peak of MO dye was no longer observed after 60 min of
process, indicating the MO was totally degraded. Other
new peaks corresponded to the intermediate compounds
in the degradation of MO.

Three principal mechanisms have been suggested for
the first step of SO, * oxidation of aromatic compounds:
radical adduct formation, hydrogen atom abstraction
and single electron transfer (SET) [85]. According to the
GC/MS data of this work and previous studies, the SET
pathway is the major reaction mechanism for the con-
version of aromatic compound which may happen
from the aromatic ring and produce a phenyl radical
cation. In general, this radical cation can react with the
water to adding a hydroxyl group to the ring [85]. By
this explanation, Scheme 1 is suggested as the MO

degradation mechanism. The TIC and MS spectra of
MO degradation main products are presented in
Figures 12 and 13.

The peaks with m/z=193.0 (P1), 148.0 (P2),100.0 (P3),
120.0 (P4), 151.0 (P5), 94.0 (P6), 176.0 (P7), 151.0
(P8),62.0 (P9), 115.0 (P10),60.0(P11) and 58.0 (P12)
were identified (Scheme 1). In the path A, the N-C
with the lowest bond energy is first broken and loss of
methyl groups. Much short lifetime of radical cations
(0.1-1us) produced in SET reactions [85] makes it
difficult to detect these reaction intermediates in the
GC/MS diagram.

In the MB degradation system (Scheme 2), the
intermediates were basically produced through loss
of functional group, dechlorination (P13), N-desulfuri-
zation (P14), N-demethylation (P19) and ring-opening
reactions (P15-21) by radicals [86,87]. PMS was cata-
lysed to decompose and sulphate/hydroxyl radicals
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Figure 12. TIC of MO degradation main products.
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Scheme 2. Plausible degradation mechanism of MB by the ACP-800-PMS system.

were generated on the surface of the ACP-800 and
then transferred to the liquid phase to decompose
MB in solution. The peaks with m/z=267.0
(P14),133.0(P15), 174.0(P16), 1150 (P17), 120.0
(P18), 207.0 (P19), 139.0 (P20) and 94.0 (P21) were
detected by GC/MS. In the final step of degradation
of MB, the opening ring products, such as glycerin,
ethylene glycol, acetic acid and formic acid, trans-
formed into inorganic ions.

4, Conclusion

The potential to use waste as an alternative source was
demonstrated, giving rise to an environment-friendly
material with a lower cost of production. Therefore,
this work was conducted to investigate the potential
use of ACP-800 as a native activator to degradation of
MB and MO dye from wastewater effluents. The
findings disclosed that the amount of ACP-800, dye

and oxidant concentration, initial pH level and tempera-
ture significantly affected dye degradation efficiency.
Reusability investigation confirmed that ACP-800 (1+2)
could be applied frequently for the degradation dye
from the contaminated solution. Above all, it seems per-
tinent to note that the experimental data highlighted
that ACP-800 could be utilized as a promising activator
for the degradation of MB and MO dyes from wastewater
since the pistachio shells are comfortably and economi-
cally available in large quantities.
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