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Abstract

This research was aimed at recycling agricultural waste and treating
synthetic automobile service station wastewater. Wastewater was
synthesized to two levels of COD concentration: 702 mg/L (WW-A)
and 7,054 mg/L (WW-B). In the treatment process, 100 mM sodium
peroxydisulfate with MnOx-loaded biochar (MnOy-Biochar) was
applied. The MnOy-Biochar was produced by dipping corn cob
biochar in 40 mM manganese sulfate followed by pyrolyzed at
600°C. The surface area, pore volume, pore size, and pH value at the
zero-point charge of MnOx-Biochar were 130 m%/g, 0.044 cm®/g,
1.02 nm, and 7.05, respectively. From the FTIR spectrogram, a peak
assignable to Mn-O was observed. The results showed that the initial
pH of the wastewater did not affect the treatment efficiency. The
optimum MnOx-Biochar dosage was 2 g/L. Equilibrium was
reached within 120 min of reaction. During the first 15 min, the
treatment rate constants (k) of the WW-A and WW-B treatment
were 0.0647 min™! and 0.0349 min’!, respectively. After 15 min, the
k values of the WW-A and WW-B treatments were reduced to
0.0242 min™' and 0.0094 min™!, respectively. The overall treatment
efficiencies of the low COD wastewater (WW-A) and high COD
wastewater (WW-B) were 97% and 78%, respectively. The
treatment mechanisms involved both adsorption and oxidation.
The adsorption efficiencies of the WW-A and WW-B treatments
were 36% and 18%, respectively.
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1. Introduction

Significant environmental pollution in Thailand, such as wastewater, is one of the country's top
problems that must be addressed in order to improve people's quality of life. Currently, Thailand is
an agriculture-based country that generates a lot of agricultural waste that can be recycled. In 2021,
8.38 million tons of corn were produced in the country, and this involved the generation of a large
volume of corn cob waste [1]. Corn cob waste can be modified to add value. Researchers converted
agricultural waste to biochar and used it to treat wastewater [2]. Wastewater from automobile service
stations is one wastewater source that has not been seriously considered. Thailand currently has
about 28,210 automobile service stations [3]. The effluent from the stations has high total solids
(110-6,262 mg/L), COD (2.18-20,781 mg/L), oil and grease (14-420 mg/L), including various kinds
of heavy metals (Cu, Cr, Pb, Zn, Al, Ni, Cd, Mn, As) [4]. When the wastewater is discharged into
the water sources, floating oil residues obstruct light transmission into the water source. The water
becomes spoiled, cannot be used, and various benthic macroinvertebrate assemblages are adversely
affected [5]. Various techniques such as electrocoagulation [6], ultrafiltration [7], microfiltration,
reverse osmosis [8], bioremediation [9], and oxidation [10] have been studied in the treatment of
wastewater from automobiles and vehicle wash service stations. Over the last decade, advanced
oxidation processes (AOPs), such as oxidation by Os, O3/H,0,, UV, UV/Os;, UV/H,0,,
03/UV/H,0,, Fe**/H,0, [11, 12], have been widely applied for wastewater treatment. Metal ions or
metal oxides were applied as process catalysts [13-16]. In these processes, highly reactive and
nonselective hydroxyl radical were generated. Later, sulfate radicals were included in the oxidative
processes. Researchers reported that sulfate radicals were more effective at oxidizing than hydroxyl
radicals. The redox potential of persulfate radicals is higher than hydroxyl radicals [17, 18].

More powerful sulfate radicals can be formed by various activation methods, including
heat, UV, alkali, and the addition of metal oxides (nickel oxide, aluminum oxide, titanium oxide,
cerium oxide, zero-valent iron, and manganese oxide) [19-22]. Manganese oxide is available
naturally with low cost. The excellent properties of manganese oxide, such as its various Mn
valences and low toxicity, make it interesting for use as a catalyst [23]. Carbon-based materials such
as activated carbon and biochar can act as electron donors for persulfate to form sulfate radicals
[24]. Biochar modified with manganese oxide was successfully applied to increase the persulfate
oxidation efficiency [25]. In addition to being used as catalysts, manganese oxide and biochar were
also employed as pollutant adsorbents. Faheem et al. [26] increased water pollution adsorption
efficiency using manganese oxide-loaded biochar.

As mentioned above, manganese oxide-loaded biochar has been used for different
purposes, but studies on integrated treatment mechanisms for organic waste removal are limited. In
this study, we focused on the performance of catalytic oxidation of organic matter using MnOx-
loaded biochar to activate peroxydisulfate in a batch environment. Herein, the effect of some
operating parameters on the efficiency of the process and oxidation kinetics have been evaluated
and then discussed. The adsorption kinetics of MnOx-loaded biochar were also studied and reported.

2. Materials and Methods
2.1 Materials

Ferrous ammonium sulfate, sulfuric acid, potassium dichromate, potassium hydrogen phthalate,
silver sulfate, mercury sulfate, nitric acid, and sodium hydroxide were purchased from Carlo Erba.
Sodium peroxydisulfate was supplied by Sigma-Aldrich. Manganese sulfate was purchased from
Loba Chamie. All chemicals were of analytical grade.



Curr. Appl. Sci. Technol. Vol. 23 No. 2 G. Suwannarat et al.

2.2 Synthetic wastewater preparation

High COD synthetic wastewater (WW-B) was synthesized by adding 2 mL of used lubricant
obtained from an automobile service station and 1 mL of surfactant solution (Sunlight) to 1 L of
distilled water. Low COD concentration wastewater (WW-A) was synthesized by diluting WW-B
10 times. COD concentration was determined by titrimetric method [27].

2.3 Biochar and manganese oxide-loaded biochar (MnO,-Biochar) preparation

Using a modified method from Fan et al. [25], corn cob was first cleaned with tap water, chopped
into small pieces, dried at 100°C for 24 h in an oven, and pyrolyzed at 400°C for 4 h without oxygen.
The produced biochar was then crushed to pass through a 35-mesh sieve. The production of
manganese oxide-loaded biochar (MnOx-Biochar) was done by adding 20 g of powdered biochar to
1 L of 40 mM manganese sulfate solution. The solution was agitated at 120 rpm for 2 h, and then
filtered. The solid particles were dried at 100°C for 24 h, pyrolyzed at 600°C for 30 min, washed
with double distilled water, and finally dried at 60°C for 24 h.

2.4 Biochar and manganese oxide-loaded biochar (MnO,-Biochar) characterization

A Fourier Transform Infrared Spectrometer (FTIR; Perkin Elmer model spectrum GX) with KBr
pellet sample preparation technique was applied to determine the surface structural groups. An
atomic adsorption spectrophotometer (AAS; Perkin Elmer model AAS200) with acid digestion
preparation technique was used to analyze the Mn composition of the biochar and MnOy-Biochar
[28]. A Brunauer Emmett Teller (BET)/gas adsorption analyser was utilized to determine the pore
volume, pore size, and surface area of the biochar and MnOy-Biochar. The pH value at the zero-
point charge of MnOx-Biochar was determined by preparing a 0.01 M NacCl solution at various pHs,
adding an adsorbent, measuring the solution pH after shaking for 24 h, and plotting the graph
between the initial and final pH [29].

2.5 Treatment process

The initial pH of 50 mL synthetic wastewater was adjusted with 0.1 M HCl or 0.1 M NaOH. Sodium
peroxydisulfate (1.19 g) was added to obtain the concentration of 100 mM. After adding a certain
amount of MnOy-Biochar, the solution was agitated at 120 rpm for various periods and then filtered
through 0.42 pm filter paper. After treatment, the COD of the solutions was determined. Mn
leaching in wastewater after treatment was tested using AAS. All experiments were performed in
triplicate. Treatment kinetics was calculated following the pseudo-first-order kinetic model as
shown in equation (1) [15]:

e _
ne = kt (1)
C; = the COD concentration in solution at time t (mg/L)
Cyp = the COD concentration in solution at time 0 (mg/L)
t = time (min)
k = the rate constant for pseudo-first order (1/min)
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2.6 Adsorption process

The experimental procedure was the same as Section 2.5, except that sodium peroxydisulfate was
not added. Adsorption kinetics were calculated using equations (2) and (3) [30].
The pseudo-first order

t
log(qe — q¢) = logqe — ki )
The pseudo-second order

t 1 t

- = + — 3

ac k20 qe @
q: = the adsorbed mass per unit mass of adsorbent at time t (mg/g)
q. = the adsorbed mass per unit mass of adsorbent at equilibrium (mg/g)
t = time (min)
k; = the rate constant for pseudo-first order adsorption (1/min)
k; = the rate constant for pseudo-second order adsorption (g/mg.min)

3. Results and Discussion

3.1 Wastewater, biochar, and manganese oxide-loaded biochar (MnOx-Biochar)
characteristics

The COD of two synthetic wastewater samples was 702 mg/L (WW-A) and 7,054 mg/L (WW-B).
The pH was in the range of 6.60-6.67.

From the FTIR spectra of biochar (Figure 1), the broad peak at 3326 cm™ represented the O-
H stretching vibrations of pectin, cellulose, hemicellulose, and lignin left after pyrolysis. The peaks at
1564 cm™ and 1400 cm! indicated the existence of the C=0 and COO- stretching vibrations of pectin.
The peak at 1033 cm™! was assigned to the C-O stretching vibration. From the FTIR spectra of MnOx-
Biochar (Figure 1b), the peak at 611 cm™! was attributed to Mn-O appearing in MnOx-Biochar [26].

The pH where positive charges equaled negative charges on the surface of MnOx-Biochar
was approximately 7.05. Results from Brunauer Emmett Teller (BET)/gas adsorption analyser
indicated that the surface area of biochar was higher after being modified with manganese oxide (Table
1). The pore volume and pore size on the MnO,-Biochar surface was decreased due to the deposition
of MnOy in the pores. The results were related to Faheem et al. [26], who synthesized MnOy-loaded
biochar from rice husk.

The Mn concentrations in biochar and MnOx-Biochar as determined by AAS were 0.001
mg/g and 1.252 mg/g, respectively. The experimental results confirmed that there was Mn in the

MnOx-Biochar structure.

3.2 Influence of initial pH

MnOx-Biochar (2g/L) was applied to various pH-adjusted synthetic wastewater. Peroxydisulfate was
added to the wastewater to obtain a concentration of 100 mM. The contact time was 180 min. For the
study of the treatment with the adsorption process, sodium peroxydisulfate was not added. The results
are shown in Figure 2.
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Figure 1. FTIR spectra of (a) Biochar and (b) MnOx-Biochar

Table 1. Pore volume, pore size, and surface area of biochar and MnOx-Biochar

pore volume (cm3/g) pore size (nm) surface area (m?/g)
Biochar 0.078 1.53 85
MnOy-Biochar 0.044 1.02 130

COD reduction (%)
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Figure 2. The COD reduction of wastewater when using various initial pH
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Without persulfate, MnOx-Biochar acted as an organic adsorbent. The organic adsorption
efficiency for WW-A was higher than WW-B due to its lower concentration (Figure 2: graphs ¢ and d).
MnOy-Biochar had a limited adsorption surface area and could not adsorb large amounts of contaminants,
the higher the pH, the lower the organic adsorption. The point of zero charge of MnOx-Biochar was 7.05,
so when the pH was greater than 7.05, the surface charge of MnOx-Biochar was positive, repelling the
negative organic ions. The pH affected the adsorption process, but the adsorption efficiency was low. The
organic adsorption efficiencies of WW-A and WW-B ranged from 30.0-37.1% and 10.3-19.1%.

The pH of the wastewater dropped to 2.48-2.55 after sodium peroxydisulfate was added.
Peroxydisulfate oxidizes water forming sulfate ions (SO4>), oxygen, and hydrogen ion (H") as shown
in equation (4) [31]. The formation of hydrogen ions (H") can also occur as in equations (5) and (6).

28,08 +2H,0 —> 4S04+ 0, + 4H (4)
82082' — 28040' (5)
SO+ H,0 —> SO +°0H + H* (6)

The presence of H" occured when persulfate was added, so the treatment efficiency was similar
even though the initial pH of the wastewater was different. From the experimental results, it was
concluded that the initial pH value of wastewater did not need to be adjusted prior to treatment. By
comparing the results in curves a and ¢ (Figure 2), the oxidation treatment efficiency was 60 to 66%. The
efficiencies of treating WW-A and WW-B with the co-treatment process (adsorption and oxidation) were
96.0-98.9% and 74.3-82.5% (curves a and b), respectively.

3.3 Influence of MnOx-Biochar dosage

Various MnOx-Biochar dosages were applied to the synthetic wastewater without adjusting the pH
of the wastewater. Peroxydisulfate was added to the wastewater to obtain a concentration of 100
mM. The treatment time was 180 min. For the study of the adsorption process, sodium
peroxydisulfate was not added. The results are shown in Figure 3.

The contaminant adsorption efficiency in WW-A was higher than in WW-B due to the
lower organic concentration in WW-A (Figure 3: curves ¢ and d). Increasing the MnOx-Biochar
dosage resulted in a progressive increase of adsorption efficiency as the adsorption surface area
increased. At the same time, increasing the MnOy dosage increased the likelihood of persulfate
catalysis (Figure 3: curves a and b). The reaction using MnOy-Biochar as a catalyst is shown in
equation (7).

M+ 82082_ N M(n+l)+ + SO4O' + 8042- (7)
The wastewater treatment efficiency with the co-treatment process (Figure 3: curves a and
b) was higher than a single process (Figure 3: curves ¢ and d). Optimum dosage of the co-treatment

process was 2 g/L. The maximum efficacy of WW-A treatment was 98.9%. After the treatment, the
Mn leaching was tested by AAS. There was no Mn found in wastewater after the treatment process.

3.4 Influence of contact time

Persulfate (100 mM) and MnOy-Biochar (2 g/L) were added to wastewater. After allowing the
reaction to proceed to different contact times, the COD of wastewater was measured. Figure 4 shows



Curr. Appl. Sci. Technol. Vol. 23 No. 2 G. Suwannarat ef al.

COD reduction (%)

100 (a) WW-A (adsorption+oxidation)
80 (b) WW-B (adsorption+oxidation)
60
40 a (c) WW-A (adsorption)
w0 L T e # (d) WW-B (adsorption)

(W =
0g/L 1g/L 2g/L 3g/L 4g/L

MnO,-Biochar dosage

Figure 3. The COD reduction of wastewater when using various MnOx-Biochar dosages
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Figure 4. The COD reduction of wastewater at various contact times

the steepest slope occurred during the first 15 min of exposure due to the high level of COD in the
wastewater during the initial treatment period. The k-values of WW-A and WW-B treatments during
the first 15 min with the co-treatment process were 0.0647 min™' and 0.0349 min™!, respectively
(Figure 4: curves a and b). After 15 min of treatment, the COD in wastewater had decreased. The k
values of the WW-A and WW-B treatments had been reduced to 0.0242 min™' and 0.0094 min’!,
respectively. An equilibrium was reached within 120 min of the reaction. However, in the
experiment without the addition of persulfate, adsorption continued slowly after 120 min (Figure 4:
curves ¢ and d). The adsorption efficiencies at 120 min contact time for WW-A and WW-B were
36% and 18%, respectively (Figure 4: curves ¢ and d). The efficiencies of treating the WW-A and
WW-B via the co-treatment process (adsorption and oxidation) were 97% and 78%, respectively
(curves a and b). The oxidation efficiencies for WW-A and WW-B treatments were 61% and 60%,
respectively. For the adsorption process, the results of the kinetic model are shown in Figures 5 and 6.

From Figures 5 and 6, the best-fitting adsorption kinetic model for WW-A and WW-B
were the pseudo-second order kinetic with the k values of 5.61x10* g/mg.min and 1.09x107
g/mg.min.
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Figure 5. Adsorption kinetic model for WW-A (a) Pseudo-first order (b) Pseudo-second order
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Figure 6. Adsorption kinetic model for WW-B (a) Pseudo-first order (b) Pseudo-second order

4. Conclusions

In this experiment, we recycled agricultural waste (corn cob) by converting it into biochar.
Manganese oxide-loaded biochar (MnOy-Biochar) was successfully synthesized as evidenced by the
presence in the MnOx-Biochar of a peak representing Mn-O stretching from FTIR analysis and the
detection of Mn via AAS analysis. The surface area of the synthesized MnOx-Biochar was higher
than B, but the pore size and pore volume were smaller than B. Synthesis and treatment of low COD
(702 mg/L) and high COD (7,054 mg/L) were performed. Without the addition of persulfate, MnO-
Biochar adsorbed organic matter with low adsorption efficiency. By adding persulfate, MnOx-
Biochar could also stimulate the oxidation process of persulfate by 9-10%. When the initial pH of
wastewater was higher than 7, the adsorption capacity of MnOx-Biochar decreased. The initial pH
of wastewater affected the adsorption process but did not affect the co-treatment process (oxidation
and adsorption). The optimal dosage of MnOx-Biochar was 2 g/L. An equilibrium was reached
within 120 min of the reaction. The efficiencies of treating WW-A and WW-B with the co-treatment
process (adsorption and oxidation) were 97% and 78%, respectively. The oxidation efficiencies for
WW-A and WW-B were 61% and 60%, respectively. A pseudo-second order kinetic model well
described the adsorption of organic matter in WW-A and WW-B by MnOx-Biochar. Considering
the co-treatment process, the k values of WW-A and WW-B treatment during the first 15 min were
higher than after 15 min. Persulfate treatment has good efficacy; however, the water after treatment
must be neutralized before it is released into the environment.
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