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Abstract: Landfill leachate is a critical environmental issue that should be adequately treated to prevent
it from spreading to the environment. This study explored the influence of raw leachate matrix and
treated leachate matrix on O3, O3/H202, and O3/PS performance. Oz and AOPs were conducted in a
laboratory-scale batch reactor. The findings showed the degradation of p-cresol, COD, and humic
substances was much slower in treated leachate matrix than in raw leachate matrix. However, color was
found easier to remove in treated leachate. The results revealed a synergic effect between molecular O3
and dissolved organic matter in the raw leachate as the O3 performance was enhanced in the presence
of raw leachate matrix, except for color removal. The highest degradation of more than 90% was
achieved in Os/H20- to remove COD, p-cresol, and humic substances, although it is the most affected
by the leachate matrix. This study provides vital insight into the notable performance of Os/PS in color
removal regardless of the influence of leachate matrix, suggesting that the sulfate radical-induced
oxidation outperformed Oz and Os/H>O; in reducing nitrogen-containing compounds.
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1. Introduction

Landfill leachate is a major environmental issue globally as it could pose a great risk to
drinking water sources, human health, and the ecosystem [1]. It is highly polluted wastewater
generated during the waste decomposition process in landfill systems [2,3] and is often
comprised of a high amount of recalcitrant organic compounds and ammoniacal nitrogen [4].
In particular, the four major categories of pollutants in leachate are small molecular
biodegradable organic and large molecular recalcitrant organic matter, xenobiotic organic
compounds (XOCs), heavy metals, as well as inorganic macro components [5]. XOCs,
especially phenolic compounds, are contaminants of emerging concern and have been reported
predominant in landfill leachate [6]. Moreover, Masoner et al. [7] reported p-cresol, bisphenol
A, and phenol contributed 70% — 83% of the total measured concentration of contaminants of
emerging concern in landfill leachate. In addition to that, the high ammonia content of leachate
has also been reported as a critical long-term pollutant [8] which could cause eutrophication in
surface water and inhibit cell proliferation in living organisms [9]. Due to its highly
heterogeneous nature, landfill leachate generally consists of indolic compounds such as 3-
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methyl-indole and 2,3-dihydro-1H-indole-1-carboxaldehyde that can maximize the adverse
effect contamination to the surrounding ecosystem [10]. Therefore, landfill leachate treatment
is essential before discharges to open water to prevent those contaminants from spreading to
the surrounding areas.

Ozonation (O3) and advanced oxidation processes (AOPs) have been proposed as an
alternative treatment for wastewater, including landfill leachate [11-13]. The high oxidation
power of molecular Oz (En = 2.07 V) and radicals produced in AOPs, e.g., OH" (Ex = 2.8 V)
and SO4™ (En = 2.7 V), makes it possible to degrade a wide range of organic pollutants,
including those persist to biodegradation. Currently, many studies have demonstrated that Os
and AOPs are very efficient in the oxidation of phenolic compounds [14-16], pharmaceuticals
[17,18], pesticides [19], azo dyes [20], and indolic compounds [21]. Besides, various
researchers have also studied the performance of Oz and AOPs in removing COD, ammonia
and improving the biodegradability of landfill leachate [22-24]. Their findings showed O3 and
AOPs capable of reducing COD and improving the biodegradability of landfill leachate;
however, only treatment including SO4e- is effective in reducing ammonia.

The current treatment practice using Oz and AOPs is often viewed as efficient in
removing contaminants. However, the major consideration needed for the process's application
in industrials is the interferences of wastewater matrix. There are limited studies on the
influence of leachate matrix on the performance of Os, ozone combined with hydrogen
peroxide (Os/H202), and ozone combined with persulphate (Os/PS) p-cresol oxidation.
Furthermore, most of the published works focus on the Oz and AOPs performance in oxidizing
solely organic compounds; or removing refractory organics and ammonia in landfill leachate.
This leads to the need to investigate p-cresol oxidation by Os, Os/H20., and O3/PS in the
presence of a leachate matrix. In addition to that, the performance of methods studied was also
compared in terms of reduction in organic substances concentration, humic substances, and
color. This study also expected to present that the oxidants species involved in methods studied
react differently with complex constituents in leachate, consequently leading to the differences
in degradation performance.

2. Materials and Methods

The chemicals and materials were given in a previous study [25]. All chemicals were
used as per received without further purification.

Leachate samples were obtained from Rimba Mas sanitary landfill in Perlis-Malaysia,
delivered to the laboratory on the same day, and kept at 4°C until use. The existing leachate
treatment in sequence flow comprised lamella clarifier, sequencing batch reactor (SBR), and
dissolved air flotation (DAF) system. The leachate samples used in this study were collected
from raw leachate pond and SBR pond. The characteristics of raw leachate and treated leachate
were assessed for pH, COD, ORP, total solid (TS), total dissolved solids (TDS), and UV-Vis
optical density at 254 nm for humic substances including aromatic and unsaturated compounds
[26] and 410 nm for color [27].

A laboratory-scale ozonation reactor was used in this study, as illustrated in Figure 1.
An ozone generator (A2Z1GLab ozone generator, A2Z Ozone, USA) with O3z output of 1.0 g
Os/h was used to generate and supply Os gas continuously at a flow rate of 1.0 L Oz/min into
the reaction medium through a bubble diffuser. Throughout the experiment, the reaction
medium was stirred using a magnetic stirrer, and the medium temperature was maintained by
using a bath circulator (WiseCircu WCH-8 high-temperature bath circulators, Witeg,
https://biointerfaceresearch.com/ 7904
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Germany). For O3/H202 and O3/PS, 1.0 mM of H202and persulfate were added into the reaction
medium before ozonation.

O3 and AOPs experiments were conducted in pre-determined optimum operating
conditions (1.0 L Os/min, 1.0 mM of H2O> or persulfate, pH 11, and 30 °C) in previous work
without the influence of wastewater matrix [25]. In prior experiments, the same amount of
COD loading (Lcop = 25 mg/L) from raw leachate and treated leachate were added into p-
cresol samples to investigate the effect of leachate matrix towards the performance of Os,
03/H202, and Os/PS in p-cresol oxidation.
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Figure 1. Experimental setup for Oz and AOPs experiments.

The characteristic absorption peaks correspond to p-cresol (UV29s5), humic substances
(UVa2s4) [26,28], and color (UVa10) [27] were measured by using UV-Vis spectrophotometer
(ME-UV1200 UV-Vis spectrophotometer, MesuLab, China). The reduction in organic
substances concentration was determined based on COD, following Standard Method 5220D
[29]. The degradation of p-cresol, COD, humic substances, and color was evaluated by using
the ratio of absorbance before and after treatment (A: (Ao)™) at their respective characteristic
absorption peak. The higher the A:(Ao)™* ratio indicates, the lower the degradation efficiencies
for the corresponding parameters.

3. Results and Discussion

3.1. Characterization of leachate samples.

The characteristics of raw leachate and treated leachate can be found in Table 1. The
raw leachate sample was dark brown, had a pH of 8.1, average COD value of 2090 mg/L,
negative ORP of -214.4 mV, and TS and TDS of 8415 mg/L and 7170 mg/L, respectively. The
negative ORP value in raw leachate is common and could assign to the lack of oxygen in the
landfill system [30]. The treated leachate sample was in light brown and had the same pH as
raw leachate. All of the values of the parameters in treated leachate were lower, except for
ORP, which could attribute to the oxygen supplied into the leachate in SBR treatment.

Table 1. Characteristics of raw leachate and treated leachate.

Parameter Unit Raw leachate Treated leachate
pH - 8.1 8.1

COD mg/L 2090 880

ORP mV -214.4 133.3
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Parameter Unit Raw leachate Treated leachate
TS mg/L 8415 6865
TDS mg/L 7170 6325
UV2s4 Au 14.32 11.30
UVa10 Au 2.83 2.42

The characteristics of UV-Vis absorption spectra of 50 mg/L of p-cresol at pH 11 and
both leachate samples with dilution factor (df) of 25 were illustrated in Figure 2. The high
absorption intensity at UV2s4 of raw leachate and treated leachate indicated that the humic
substances in the leachate were complex and high in aromaticity [31]; therefore could not be
removed easily by SBR treatment. Besides, the absorption band at 200 — 240 nm in the UV-
Vis absorption spectra of the treated leachate sample suggests some of the complex pollutants
in raw leachate were biodegraded and transformed to polycyclic aromatic compounds
macromolecular organic matter [32].
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Figure 2. Characteristics of UV-Vis absorption spectra of p-cresol (50mg/L, pH 11), raw leachate (df: 25), and
SBR leachate (df: 25).

3.2. Effect of Lcop in raw leachate and treated leachate on p-cresol degradation by Osand
AOPs.

Figure 3 depicts the degradation of p-cresol by Os, O3/H>O2, and O3z/PS under the
influence of the leachate matrix. The Azes: (A29s0)™ ratio, which corresponds to p-cresol
degradation efficiency, clearly demonstrated that the methods studied were more affected in
the presence of Lcop in treated leachate than in raw leachate. In particular, O3/H20; was the
most affected as the p-cresol degradation is 3.8-fold slower than O3/PS (2.0-fold) and Oz (1.7-
fold). This is due to the nonselective nature of OH" [33,34], therefore easier to be scavenged
by background constituents in leachate as compared to molecular Oz and SO4™. Other than that,
the higher COD; (CODg)* and Agzsa; (Azsa o)™ ratios (Table 2) in p-cresol and treated leachate
mixture indicate the degradation efficiencies for COD and humic substance were lower. This
finding agrees with the published works by Kamenev et al. [35], where the treatment efficiency
of post-ozonation treatment is lower than pre-ozonation treatment with the same Oz dosage
applied. This is probably due to the altering of residues biogenic compounds [36] and also the
biodegradation products from pre-biological treatment. Furthermore, Lovato and co-workers
[28] also came out with a similar conclusion in which the inhibition of degradation products
formed was found to be maximized in treated leachate.
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Figure 3. Degradation of p-cresol in (a) Os, (b) O3/H205, and (c) Os/PS in the presence of Lcopin
leachate samples. Experimental conditions: 50 mg/L of p-cresol (CODo = 107.3 + 3.5 mg/L) and 25
mg/L of Lcop in leachate samples.

Among these factors, the lower Asio; (As100)™ values in p-cresol and treated leachate
mixture suggested that color was easier to remove in treated leachate than in raw leachate. This
is probably due to the lower content of humic substances present in the leachate after SBR
treatment (Table 1). This study also revealed that the degradation of p-cresol by Oz was
enhanced in the presence of Lcop in raw leachate than in p-cresol only samples. The possible
explanation is that the reactions between molecular Oz and dissolved organic matter (DOM) in
the raw leachate matrix have a synergic effect in the p-cresol oxidation. This can be supported
by Ghazi et al. [37], in which the authors stated that DOM could react with O3 to produce OH".
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Figure 4 (a) and Figure 4 (b) illustrate the evolution of UV-Vis absorption spectra of p-
cresol degradation by Oz and AOPs in the presence of a leachate matrix. In the oxidation of p-
cresol and raw leachate mixture, the absorbance peak of p-cresol at UV2gs decreases abruptly
from 1.115 to 0.384 in O3/PS, 0.331 in O3, and 0.271 in O3s/H202 within merely five minutes
of treatment. Whereas five-minute treatment of p-cresol and treated leachate reduces the initial
Azgs value (1.236) to 0.677, 0.449, and 0.388 for Os, Os/H202, and Os/PS, respectively.
Through further oxidation, the final A2gs values achieved were 0.028 = 0.005 in p-cresol and
raw leachate treatment, and the final Azgs values achieved after 60 min were within 0.051 +
0.005 in p-cresol and treated leachate treatment. These indicated O3z, Os/H20-, and O3/PS are
able to degrade p-cresol effectively under the influence of leachate matrix, and the matrix in
treated leachate has a greater influence on the performance of methods studied. Other than that,
the values Axs3/Azoz and Azso/Ases were also used as indicators for the amount substituent
groups of organic compounds, including carbonyl, carboxyl, esters, and hydroxyl groups; as
well as the extent of humification in the samples [31]. The A2ss/Azoz and Azsol/Asss in the p-
cresol and raw leachate were 0.428 + 0.003 and 30.008 + 2.656; while in the p-cresol and
treated leachate were 0.477 + 0.020 and 14.314 + 1.507. After treatment, the Azss/Azoz value
decreased to 0.033 — 0.055, implying the substituent groups of organic compounds in the
sample were degraded. Besides, the lower Azso/Ases values compared to the initial value
suggest that the large molecular humic substances were degraded to fulvic acid, resulting in the
increment in humification in the treated samples [32]. Similar trends were also observed in the
oxidation of p-cresol and treated leachate samples. However, the Azsa/A2z values were
generally higher compared to those in treated samples in the p-cresol and raw leachate
treatment (Table 2). This could be ascribed to the interference of humic substances in the
treated leachate matrix because the number of humic substances in treated leachate was
doubled compared to raw leachate.
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Figure 4. Evolution of UV-Vis absorption spectra of p-cresol degradation by Oz Os/H,O and Os/PS in
the presence of (a) raw leachate and (b) treated leachate matrix.
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Table 2. Degradation performance of methods studied under the influence of Lcop in leachate samples.

p-Cresol only (20 p-Cresol + Raw p-Cresol + Treated
Process/Parameter min) leachate (60 min) leachate (60 min)
Ozonation
COD:(CODo)* 0.350 0.351 0.393
A5t (A295,0) 0.026 0.020 0.045
Agsat (Azsa0)? 0.063 0.082 0.110
Ad1o,t (As100)? - 0.303 0.254
A2s3/A203 - 0.033 0.051
Aaso/Ases - 7.583 5.784
Peroxone
COD:(CODo)* 0.185 0.223 0.262
Azgs,i (Azes0)™ 0.011 0.024 0.042
Agsa i (Azsao)? 0.043 0.089 0.096
Ad1o,t (As100)? - 0.539 0.416
Aos3/Azo3 - 0.039 0.046
Aoso/Aszss - 0.267 2.996
Ozone/PS
COD:(CODo)* 0.273 0.423 0.423
Aogs,t (Azes0) 0.019 0.031 0.038
Assar (Azsan)? 0.081 0.119 0.121
Adtot (As100) - 0.489 0.116
A2s3/A203 - 0.055 0.054
Aoso/Aszes - 8.003 10.200

3.3. Performance comparison between Oz and AOPs under the influence of raw leachate
matrix and treated leachate matrix.

Figure 5 and Figure 6 present the performance comparison of Oz, O3/H20, and Os/PS
concerning the type of leachate samples. In both cases, Os/H20. is the most efficient in reducing
COD, p-cresol, and humic substances under the influence of the leachate matrix despite it being
the most affected by the leachate matrix as mentioned in the previous section.
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Figure 5. Performance comparison of methods studied in the removal of (a) p-cresol, (b) COD, (c) humic
substances, and (d) color in the presence of raw leachate matrix. Experimental conditions: 50 mg/L of p-cresol

(CODg =107.3 + 3.5 mg/L) and 25 mg/L of Lcop in leachate samples.

This could assign to the high production and high oxidation power of OH" at elevated
pH in O3/H20>. Besides, it was observed that Oz has a slightly better performance compared to
Os/PS in the oxidation of p-cresol in raw leachate. The enhancement in Os performance may
attribute to the synergic effect of reaction between molecular Oz and DOM presence in the raw
leachate matrix. The synergic effect was not observed in O3/H202 and Os/PS, probably due to
https://biointerfaceresearch.com/ 7909
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the DOM having a scavenging effect on the OH" produced in the AOPs. In fact, similar findings
were also obtained in published work by Ghazi et al. [37] in which they reported that O3
performed better in bisphenol-A degradation in leachate compared to Os/H>O> as high
concentration of DOM scavenged OH® and converted it to a less reactive superoxide radical
(O2").
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Figure 6. Performance comparison of methods studied in the removal of (a) p-cresol, (b) COD, (c) humic
substances, and (d) color in the presence of treated leachate matrix. Experimental conditions: 50 mg/L of p-
cresol (CODg =102.0 £ 4.5 mg/L) and 25 mg/L of Lcop in leachate samples.

In addition, Figure 5 and Figure 6 also show that O3/PS has notable efficiency for color
removal regardless of the influence of the leachate matrix. This suggests that the SO4™ induced
oxidation in O3/PS is more effective in reducing the organic compounds contributed to color
in leachate. In fact, a decolorization study by Razali et al. [20] also demonstrated that O3/PS
is more effective in decolorization than Oas. It is postulated that the organic compounds
responsible for color were nitrogen-containing compounds [38], which lie along UV band at
275 nm (for aliphatic compounds) and the visible band at 350 nm (for aromatics) [39,40]. This
is in concurrence with the fact that leachate samples comprise high nitrogen content [41] as
ammonia nitrogen has no degradation route in landfills [42]. Furthermore, the deactivating
nature of the nitrogen group towards electrophilic aromatic substitution (EAS) of the benzene
ring might be the reason for the underperformance of Oz and Os/H20>. This claim can also be
supported by findings in published work by Deng et al. [43] and Abu Amr et al. [44] in which
the authors reported that complete removal of ammonia was achieved only in treatment
involving SO4™. This can attribute to the oxidation mechanism of molecular O3, and OH" are
mainly through EAS; while SO4™ can oxidize contaminants through alternative mechanisms
via a single electron transfer (SET) pathway [32, 45-52].

4. Conclusions

This study demonstrated that the performance of Os, O3/H20, and O3/PS was more
affected by treated leachate matrix than raw leachate matrix for the reduction of COD, p-cresol,
and humic substances; but contrasted for color removal. The synergic effect was found between
molecular Oz and raw leachate matrix as the degradation of p-cresol enhanced in the presence

https://biointerfaceresearch.com/ 7910


https://doi.org/10.33263/BRIAC126.79037913
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC126.79037913

of raw leachate matrix. Os/H20; attained the best overall degradation performance, although it
is the most affected by the presence of the leachate matrix. However, the highest color removal
was achieved in Os/PS regardless of the influence of the leachate matrix. The outperformance
of Os/PS in color removal suggests that sulfate radical-induced oxidation might have greater
potential in landfill leachate treatment considering the persistency of nitrogen-containing
compounds in the leachate matrix. Nonetheless, the practical application of Oz and AOPSs in
leachate treatment depends on the treatment objective, i.e., preliminary treatment to degrade
persistent organic compounds in leachate before biological treatment; as a secondary or tertiary
treatment to remove micropollutants remained from previous treatment.
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