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Abstract: Wastewater treatment has been widely focused on the undesirable pollutants derived
from various activities such as coking, coal gasification, oil spills, and petroleum. These activities
tend to release organic pollutants, however polycyclic aromatic hydrocarbons (PAHs) happen to be
highlighted as the most carcinogenic pollutant that easily comes into contact with the environment and
humans. It causes major challenges due to its lingering in the environment and chemical properties.
Although various techniques such as ions exchange, advanced oxidation, and reverse osmosis have
been conducted, some of them have been ignored due to their cost-effectiveness and ability to produce
a by-product. Therefore, there is a need to develop and implement an effective technique that will
alleviate the organic pollutants (PAHs) in various water sources. In this study, a self-made flat-
bed photoreactor was introduced to degrade PAHs in various water sources such as acidic mine
drainage, alkaline mine drainage, and sewage wastewater. A previous study was conducted, and only
7.074 mg/L, 0.3152 mg/L and 1.069 mg/L in 4 weeks and thereafter 19.255 mg/L, 1.615 mg/L and
1.813 mg/L in 8 weeks in acidic mine drainage, alkaline mined, drainage, and sewage wastewater
leachate from a 2916.47 mg/L of PAHs in coal tar, was analysed. It was found that the flat-bed
photoreactor was highly effective and able to obtain a removal efficiency of 64%, 55%, and 58%,
respectively; without the flat-bed photoreactor, happened the removal efficiency was of 53%, 33%, and
39%, respectively, in 60 min in acidic mine drainage, alkaline mine drainage, and sewage wastewater.
The photodegradation of PAHs was favoured in the acidic mine drainage, followed by sewage
wastewater and alkaline mine drainage respective, showing time and solar irradiation dependence.

Keywords: photoreactor; polycyclic aromatic hydrocarbons; solar irradiation

1. Introduction

Wastewater treatment is a well-studied topic concerning the release of organic matter
(dyes, pharmaceuticals, etc.) and suspended solids (salts, metals, etc.) [1–3]. This wastew-
ater is mostly derived from water pollution that is obtained from various activities such
as mining, oil spills, agriculture, burning of coal, etc. These activities happen to release
major pollutants, however, most developing countries are responsible for releasing large
amounts of pollutants from their extensive production [4]. The petroleum industry is one
of the contributors to the release of organic pollutants during energy production through
gasification and coking [5], and it is also used to manufacture various products [6]. Coal tar
is a by-product of coal that can be formed from fractionation or coking and has polycyclic
aromatic hydrocarbons (PAHs) that are predominant and harmful when found in water
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sources [7]. The PAHs are known as persistent organic pollutants (POPs) that can be
distinguished by their solubility, vapor pressure, and high boiling and melting point [1].

It is important to identify their molecular weight when considering the removal of
the pollutant, and their increase in molecular weight contributes to the oxidation and
reduction [8]. The maturity of the crude oil or coal tar supposedly increases the molecular
weight of PAHs over time [9]. Anthropogenic activities such as oil seeps, volcanic eruptions,
human activities, crude oil, coal tar, and petroleum spills can also contribute to the release of
PAHs in the environment [5]. The stability of the PAHs in the environment can be described
by their molecular weight and structures [5]. It was reported by Cai et al. [10] that a lower
number of molecular rings of 2 and 3 of PAHs mean that they have greater solubility
in water and easily undergo destabilization and degradation as compared to the heavy
molecular rings of 4 rings and above. The PAHs mostly consist of carbon and hydrogen,
and their structure can be configurated in a linear, angular, or cluster formation [10]. It
was discovered by Batchamen Mougnol et al. [11] that the leaching of PAHs is quick in the
acidic mine drainage as compared to the alkaline mine and sewage wastewater, which was
caused by pH and the total dissolved organic carbon in the water sources.

There are more than 100 PAHs that are derived from various activities, however, only
16 PAHs have been recognized by the United State Environmental Protection Agency (U.S.
EPA, Washington, DC, USA) and European to be human carcinogens and also widely
present in various water sources [12]. The 16 PAHs, as presented in Table 1, have been
discussed in various studies with regard to their molecular weight and toxicity level [13]. It
has been reported by Smol et al. [14] that the PAHs with a lower molecular weight (LMW)
undergo a faster degradation as compared to those with a heavy molecular weight (HMW).
Moreover, the solubility of PAHs is dependent on their molecular weight [14]. Table 1
represents the characteristics of the 16 PAHs that are found in the environment and various
water sources based on the U.S. EPA.

The potential health-related issue resulting from the excessive consumption of PAHs
such as skin irritation, inflammation, immune dysfunction, and damage to both kidneys
and liver have made them unwanted and unfriendly to the environment. These PAHs also
lead to the biological destruction of human cells due to their carcinogenic and mutagenic
properties [5,15,16]. Because of their adverse effects, it has been prioritized as the pollutant
that is in contact with humans the most, according to the U.S. Environmental Protection
Agency (USEPA) [16–19].

The release of these PAHs can also homogeneously change the physio-chemistry of
the sewage wastewater, alkaline mine drainage, acid mine drainage, and possible other
water sources. Sewage wastewater contains various other pollutants that have been studied
in conversion to energy [20]. Most organics such lipids, fats, oils, and heterogeneous and
inorganic materials are mostly found in sewage wastewater [21]. The viscosity of sewage
wastewater is due to its hydrophobic property [22]. Some metals, such as arsenic (As),
cadmium (Cd), chromium (Cr), copper (Cu), mercury (Hg), manganese (Mn), nickel (Ni),
lead (Pb), and Zinc (Zn) have similar carcinogenic and mutagenic properties as PAHs [23].
Sewage properties can allow for the adsorption of suspended particles that represent a
threat to ecosystems [24]. Various parameters such as total dissolved solids (TSD), pH,
temperature, nitrate, nitrite, phosphate, chloride, biologic oxygen demand (BOD), sulphate,
ammonium ion, chemical oxygen demand (COD), and alkalinity [25,26]. The deposition
of PAHs in acidic mine drainage, alkaline mine drainage, and sewage wastewater has not
received attention [11].

Acidic mine drainage has been widely noted to be the world’s largest problem, and this
has been revealed by various studies [27]. The term AMD has been recently used instead
of acidic rock drainage (ARD) and sulphide oxidation, which was previously used [28].
AMD is formed in a process that occurs in most mining activities due to sulphide reactions,
often in the presence of microorganisms, temperature, water, and oxygen in a mine region
through a geology function. These mechanisms are variable for different mine regions [29].
The destruction of the mineralized material also leads to AMD and is detrimental to the
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environment and humans by damaging various agro species such as plants, fauna, and
water, leading to a major cost. AMD is a strong acidic wastewater that contains both ferrous
and non-ferrous materials, as well as salts. Among the ferrous materials, there are also
some other toxic metals such as As, Cd, Cr, Cu, Zn, Ca, Mg, Al, Mn, Ni, and Pb that
contribute to the acidic mine drainage; these are found in small concentrations in the ppm
range [29–31]. The alkalinity can be generated through a process of sulphate reduction and
carbonate dissolution. On the other hand, a sufficient concentration of carbonate (CaCO3),
bicarbonate (HCO3

−), and silicate minerals, can change wastewater to be alkaline [32,33].

Table 1. The 16 PAHs that are commonly found in various water sources [13]. Copyright 2020,
copyright owner’s A.O. Adeniji.

PAHs Chemical Formula Molecular Weight (g/mol) Rings Number Melting Point (◦C) Boiling Point (◦C) Structures

Naphthalene (NAP) C10H8 128 2 80.2 218

Acenaphthylene
(ACY) C12H8 152 3 92.5 280

Acenaphthene
(ACE) C12H10 152 3 93.4 279

Fluorene (FL) C13H10 166 3 115 295

Phenanthrene
(PHE) C14H10 178 3 99.2 340

Anthracene (ANT) C14H10 178 4 215 340

Fluoranthene (FLU) C16H10 202 4 108 384

Pyrene (PYR) C16H10 202 4 151 404

Benzo[a]anthracene
(BaA) C18H12 228 4 167 435

Chrysene (CHY) C18H12 228 4 258 448

Benzo[b]fluoranthene
(BbF) C20H12 252 5 168 481

Benzo[k]fluoranthene
(Blkf) C20H12 252 5 217 480

Benzo[a]pyrene
(BaP) C20H12 252 5 177 495

Dibenzo[a,h]anthracene
(DahA) C22H14 278 5 270 524

Indenol [1,2,3-cd]
pyrene (IP) C22H12 276 6 164 536

Benzo[g,h,i]perylene
(Bghip) C22H12 276 6 278 550
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The measure of pH can be used to determine the acidity and alkalinity of the wastew-
ater, and it is in the range of pH 2–8 [32]. The acidic and alkaline reactions are presented in
Equations (1) and (2)

Fe3+ + 3H2O↔ Fe(OH)3(s) + 3H+ (1)

CaCO3 + H+ ↔ Ca+2 + HCO3
− (2)

AMD is formed by reduced sulphur oxidization in the presence of oxygen and water
during destruction [33], and the formation of AMD can be represented in Equations (3)–(5)

FeS2 (s) + 3.5 O2 + H2O→ Fe+2 + 2SO4
−2 + H+ (3)

Fe+2 + 0.25O2 + H+ → Fe+3 + 0.5 H2O (4)

Fe+3 + 2H2O→ FeOOH (s) + 3H+ (5)

Presently, there are still major industries and activities that release PAHs, and accord-
ing to Rodríguez-Galán, et al. [30], special treatment should be implemented to either
treat or monitor the deposition of compounds or by-products that contain PAHs, like the
coal pollution in the environment, which cause problems and result in a lot of necessary
maintenance and high costs to reduce or treat the pollution.

The increase in the number of rings increases the molecular weight of PAHs and their
hydrophobic nature [10]; this has been suggested as an effective method to remove these
organic pollutants from living things [34,35]. There are methods such as biological, physical
(filtration, precipitation, flocculation, reverse osmosis methods, and adsorption) and chemi-
cal (advanced oxidation, ion exchange, coagulation, advanced oxidation, and ozonation)
approaches [36] that have been conducted to assist in degrading these PAHs from various
water sources [7,37]. There are disadvantages to these, such as the maintenance cost and
the release of a toxic by-product when using physical and chemical methods. However, it
was pointed out that the biological method is a better candidate to approximately remove
92% of PAHs that are mostly in soil [38,39].

Sunlight is composed of three components that provide a range of wavelengths,
namely visible light (400–700 nm), UVA light (320–400 nm), and UVB (280–320 nm), which
can be used to degrade PAHs in water sources [40]. The degradation of PAHs can best
be monitored using visible light and UVA [40]. The application of the light source can be
accommodated with a photoreactor. A photoreactor is a device that is mostly composed of
elements that are designed with a specific dimension and geometry to be used for various
applications, but this study is aimed at the photodegradation of PAHs. The photoreactor
can either be designed with a single channel (the fluid is flowing in one direction) or
multiple channels (the fluid is flowing in various directions) [41]. Various photoreactors,
such as photocatalytic reactors, have been used for the degradation of organic pollutants.
These reactors have been designed to accommodate a catalyst and light source. In this
conventional photocatalytic reactor, an additional solar convertor, timer, recycler, cooler or
heater exchange, etc, can be mounted to enhance its effectiveness [42,43].

Some photoreactors have advantages and disadvantages in converting energy from
solar irradiation to photons [44]. The use of collectors is important in case the photoreactor
is unable to provide enough of the necessary energy/photons [45]. However, it all depends
on the range of operating temperatures and the efficiency. Collectors such as the flat plate,
parabolic mix, evacuated tank, parabolic trough, Fresnel prism, parabolic dish, and heliostat
field collectors can be used to enhance the photoreactor effectiveness. The advantages of
these collectors, when combining them with optical, thermal and thermodynamic devices,
can enhance their performance [46]. A study conducted by Matamoros et al. [47] illustrated
that the nature of the environment drastically influences the removal efficiency of pollutants.
It was observed that during a warm season, a higher temperature resulted in a higher
removal efficiency as compared to a cold season. It was proven that the longer the reaction
between the photon and the pollutants, the higher the photodegradation of the pollutants
(PAHs) [48].
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In this study, the aims are to investigate the effectiveness of a self-made photoreactor
on the photodegradation of PAHs in acidic mine drainage, alkaline mine drainage, and
sewage wastewater, assisted by solar irradiation. The purpose of this work is to introduce
an effective material that is hazardless and cost-effective for the photodegradation of PAHs.
Therefore, to achieve this, it is important to improve the effectiveness of solar irradiation by
implementing a material that will enhance viability.

2. Materials and Methods

In this study, three water sources, namely acidic mine drainage, alkaline mine drainage,
and sewage wastewater, were collected at the Witbank (25.8728◦ S, 29.2553◦ E), Middleburg
(25.7699◦ S, 29.4639◦ E) and Cape Town Municipality (33.9249◦ S, 18.4241◦ E) in South
Africa. The coal tar was obtained at New Castle KwaZulu-Natal (27.7138◦ S, 29.9972◦ E),
South Africa (30.5595◦ S, 22.9375◦ E). These water sources were analysed as previously
reported by Batchamen et al. [11].

2.1. Degradation Experiments

A 5 g mass of coal tar was added in each water sample, i.e., acidic mine drainage, alkaline
mine drainage, and sewage wastewater, for the leaching process [11]. A concentration of
2916.47 mg/L of PAHs in coal was identified using the Gas Chromatography Thermo Scientific
(TSQ 8000) apparatus (Cape Town, South Africa) using a Triple Quadrupole MS technique.

The leaching process of the PAHs was conducted, and it was found that 19.255 mg/L,
1.615 mg/L, and 1.813 mg/L of PAHs out of 2916.47 mg/L were dissolved in the acidic
mine drainage, alkaline mine drainage, and sewage wastewater, respectively, in 8 weeks. A
volume of 300 mL of each of these water sources was used for the photodegradation of the
PAHs under solar irradiation respective to time with or without the flat-bed photoreactor.
Without the flat-bed photoreactor, 250 mL volume solution was stirred with a magnetic
stirrer operated at 250 rates per minute (RPM), as illustrated in Figure 1. A similar procedure
was also conducted but this time, with the flat-bed photoreactor being used.

The water samples were collected at each interval of 20 min, 40 min, and 60 min
using a 0.45 µm syringe filtered PDVP after the photodegradation. The GC-MS was used
to determine the remaining PAHs in each of the water sources so as to investigate the
degraded PAHs, and the results are presented in Tables 3 and 4. The degraded PAHs were
calculated using Equation (6) and the removal efficiency using Equation (7).

PAHs initial − PAHs final = PAHs degraded (6)

PAHs removal efficiency (RE) (%) =
Co − Ct

Co
× 100% (7)

where Co is the initial concentration of PAHs and Ct is the concentration after the pho-
todegradation respective to time (t).

A similar experiment was conducted but this time with a flat-bed photoreactor. The
flat-bed photoreactor was made of Perspex material (AXSC0230502050I) and used for the
study. Their dimension unit is given in millimetres (mm) (Figure 2). The box was used to
maintain the photon energy within the system.
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Figure 1. Experimental setup for the photodegradation of PAHs without a flat-bed photoreactor.

Figure 2. Cont.
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Figure 2. Different views of the dimensions of the photoreactor.

The introduction of the flat-bed photoreactor was highly efficient by collecting as
much photon energy from the sun and destabilizing the π-π bonds from the PAHs. The
process of photoelectrochemical water splitting, which is also known as the electrolysis
process using solar energy to split water molecular (H2O) and form H+ and OH− should
be considered for spontaneous photodegradation of PAHs. These radicals can effectively
destroy organic pollutants, however, these radicals were highly reactive when using the
flat-bed photoreactor.

2.2. Photodegradation Mechanism

There are various species, also known as oxidants or radicals, such as O2
−• and HO2

•;
however, their oxidation potential is not as high as the hydroxyl (−OH) that can contribute
to the photodegradation [49]. These species can be derived naturally under solar irradiation
from the water molecule.

During the photodegradation of PAHs, the water molecules are broken down by form-
ing radicals, and these radicals interact with the pollutants by degrading them. According
to Li et al. [50], h+, HO2

•, O2
−, and OH• are the most active reagents with regard to degrad-

ing organic pollutants. Although they are several scavengers, also known as active reagents,
that can degrade the PAHs, OH• happens to be widely effective and generable from the
water molecule splitting [43]. Its high oxidation potential of E(OH/H2O) = 2.80 V/SHE
makes it better and more effective [51]; although it is the second after fluorine E = 3.0 eV to
be commonly responsible for interacting with the PAHs, it can easily be generated from
water splitting. Figure 3 demonstrates the mechanism of the splitting of a water molecule
triggered by solar irradiation to aid in the photodegradation of PAHs.

Figure 3. The mechanism of the photodegradation of PAHs.

Since organic pollutants have recently gained attention and various techniques have
been applied and the application of the photocatalytic has been proven to be highly effec-
tive, and eco-friendly; in undertaking complex organic compounds and for spontaneous
photodegradation, a presence of light should be acquired [52–54].

A Study by Rani and Karthikeyan [55] was conducted using a self-made photoreactor
that was composed of a photocatalytic membrane reactor which was coupled with a
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membrane process to assist in the photodegradation of selected PAHs such as PHE, NAP,
and ACE under UV light. The photodegradation of PHE, NAP, and ACE at 180 min without
the catalyst (TiO2) and the membrane ultrafiltration (UF) was found to be 8.1, 43.3, and
42.0%, respectively. Afterwards, the addition of a catalyst and membrane resulted in the
removal efficiency that varied individually as compared to a sample. A removal efficiency
of 83.5, 76.8, and 80.1% individually was found, as compared to the removal efficiency of
85.6, 79.1, and 83.4% for PHE, NAP, and ACE, respectively, that was observed in a sample.

3. Results and Discussion

A mass of 116.3 mg with 2 mL of hexane was used to extract and analyse the PAHs in
a coal tar using the GC-MS. It was discovered to have a concentration of 2916.47 mg/L of
PAHs in total. Table 2 represents the concentration of 16 PAHs found in coal tar. Naphtha-
lene happens to be highly concentrated with 788 mg/L as compared to Indenol[1,2,3-cd]
pyrene of 8 mg/L.

Table 2. PAHs concentration in a coal tar.

PAHs (Pollutants) Concentration (mg/L)

NAP 788

ACY 356

ACE 18

FL 327

PHE 632

ANT 245

FLU 395

PYR 266

BaA 91

CHY 126

BbF 75

Blkf 71

BaP 92

DahA 56

IP 8

Bghip 21

Tables 3–5 represent the photodegradation of these 16 PAHs in 20 min, 40 min, and
60 min with and without the flat-bed photoreactor on the acidic mine drainage, alkaline
mine drainage, and sewage wastewater.

During the photodegradation of PAHs in various water sources, the water was treated in
time periods of 20 min, 40 min, and 60 min, and it was observed that the remaining PAHs in
each water source were degraded with a lesser removal efficiency in the shorter time periods.
Naphthalene with a lower ring number and lower boiling point, as presented in Table 1, was
completely degraded. Acenaphthene, fluorene, dibenzo[a,h]anthracene, pyrene, indenol[1,2,3-
cd] pyrene, Benzo[g,h,i]perylene, benzo[b]fluoranthene, and benzo[k]fluoranthene with initial
concentrations of 18 mg/L, 395 mg/L, 56 mg/L, 266 mg/L, 8 mg/L, 21 mg/L, 75 mg/L,
and 71 mg/L, respectively, in an acidic mine drainage were not degraded. In addition
benzo[a]anthracene, chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene,
dibenzo[a,h]anthracene, indenol[1,2,3-cd] pyrene, and benzo[g,h,i]perylene with initial
concentrations of 91 mg/L, 126 mg/L, 75 mg/L, 71 mg/L, 92 mg/L, 56 mg/L, 8 mg/L, and
21 mg/L, in an alkaline mine drainage were also not degraded; moreover, acenaphthene
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with an initial concentration of 18 mg/L in sewage wastewater was also not degraded.
These PAHs were not degraded at any stage of the photodegradation process; although
they were identified in coal tar, they were not dissolved in the water sources left for
8 weeks of dissolution time. The higher molecular weight PAHs happen to have a lower
decomposition rate, which was observed in alkaline mine drainage.

Table 3. Photodegradation of PAHs in acidic mine drainage (concentrations in mg/L).

PAHs Initial Concentration 20 min 40 min 60 min 20 min 40 min 60 min

NAP 0.0031 0.0030 0.0017 0.0025 0.0019 0.0016 0.0029

ACY 0.1302 0.1092 0.1267 0.1031 0.1271 0.1098 0.1277

ACE 0 0 0 0 0 0 0

FL 0 0 0 0 0 0 0

PHE 0.0181 0.0083 0.0091 0.0133 0.008 0.0143 0.0176

ANT 18.9847 7.7006 6.7824 6.7014 10.7141 9.5481 8.7359

FLU 0.0020 0.0017 0.0013 0.0013 0.0018 0.0013 0.0016

PYR 0 0 0 0 0 0 0

BaA 0.1114 0.1049 0.1062 0.0517 0.1109 0.1089 0.1093

CHY 0.0012 0 0 0.0007 0.0010 0.0003 0.0009

BbF 0 0 0 0 0 0 0

Blkf 0 0 0 0 0 0 0

BaP 0.0046 0.0042 0.0036 0.0032 0.0042 0.0037 0.0040

DahA 0 0 0 0 0 0 0

IP 0 0 0 0 0 0 0

Bghip 0 0 0 0 0 0 0

PAHs photodegradation 19.2553 7.932 7.031 6.889 10.969 9.788 8.999

Table 4. Photodegradation of PAHs in alkaline mine drainage (concentrations in mg/L).

PAHs Initial Concentration 20 min 40 min 60 min 20 min 40 min 60 min

NAP 0.7615 0.5943 0.5280 0.4212 0.6802 0.6212 0.5212

ACY 0.2596 0.0419 0.0363 0.0139 0.2281 0.1081 0.1281

ACE 0.0020 0.0012 0.0001 0.0001 0 0 0

FL 0.0030 0.0013 0.0012 0.0014 0.0027 0.0019 0.0021

PHE 0.0447 0.0381 0.0216 0.0218 0.0418 0.0359 0.0237

ANT 0.5388 0.2329 0.2194 0.2584 0.5071 0.4112 0.3972

FLU 0.0039 0.0027 0.0019 0.0012 0.0037 0.0028 0.0031

PYR 0.0019 0 0 0 0 0 0

BaA 0 0 0 0 0 0 0

CHY 0 0 0 0 0 0 0

BbF 0 0 0 0 0 0 0

Blkf 0 0 0 0 0 0 0

BaP 0 0 0 0 0 0 0

DahA 0 0 0 0 0 0 0

IP 0 0 0 0 0 0 0

Bghip 0 0 0 0 0 0 0

PAHs photodegradation 1.6154 0.9122 0.8085 0.7180 1.4636 1.1811 1.0754
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Table 5. Photodegradation of PAHs in sewage wastewater (concentrations in mg/L).

PAHs Initial Concentration 20 min 40 min 60 min 20 min 40 min 60 min

NAP 0.0069 0.0053 0.0045 0.0047 0.0067 0.0062 0.0053

ACY 0.0489 0.0359 0.0310 0.0224 0.0379 0.0358 0.0302

ACE 0 0 0 0 0 0 0

FL 0.009 0.0067 0.0058 0.0015 0.0011 0.0010 0.0065

PHE 0.0961 0.0177 0.0153 0.0121 0.0821 0.0773 0.0758

ANT 0.1758 0.1502 0.0957 0.1019 0.1508 0.1395 0.1059

FLU 0.1706 0.0197 0.0049 0.0347 0.1607 0.1370 0.1134

PYR 0.1389 0.0149 0.0123 0.0333 0.1297 0.1033 0.0927

BaA 0.1888 0.0158 0.0937 0.1171 0.1251 0.1222 0.1193

CHY 0.1170 0.1002 0.0713 0.0943 0.1078 0.0931 0.1091

BbF 0.2216 0.1506 0.1474 0.1004 0.2004 0.1017 0.1099

Blkf 0.1563 0.0753 0.1132 0.1007 0.1390 0.1031 0.1013

BaP 0.2185 0.1073 0.1175 0.0372 0.2012 0.1109 0.1197

DahA 0.1278 0.0137 0.0109 0.0273 0.1224 0.1006 0.0710

IP 0.0345 0.0063 0.0045 0.0065 0.0217 0.0194 0.0205

Bghip 0.1018 0.0676 0.0507 0.0451 0.0978 0.0501 0.0612

PAHs photodegradation 1.8125 0.7872 0.7787 0.7572 1.5844 1.2002 1.1113

According to Qiao [56], these PAHs emit a specific wavelength, and in this study, these
persistent PAHs in each water source were slightly degraded at their specific wavelength.

The photodegradation of the PAHs was conducted at an interval period of 20 min,
40 min and 60 min in acidic mine drainage, alkaline mine drainage and sewage wastewater.
It was observed that, as time increases, the removal efficiency of PAHs also increased due
to the longer contact time between the photons and the pollutants (PAHs) in the flat-bed
photoreactor. The higher removal efficiency occurred in acidic mine drainage as compared
to alkaline mine drainage with and without the introduction of the flat-bed photoreactor.
The greater the remaining PAHs in each of these water sources, or the closer they are to
their initial concentration, the lesser the removal efficiency, and vice versa. In this study,
the acidic mine drainage should be given more attention due to its higher PAHs dissolution
respective to time. The higher removal efficiency depends on the PAHs’ dissolution in
the water sources. Besides this, sewage water was the water source where 15 PAHs out
of the 16 recognized PAHs were dissolved, and this could be attributed to the water’s
physiochemical properties, such as total dissolved solids and dissolved organic carbon.

Figure 4A,B represent the photodegradation of the PAHs with (A) a flat-bed photore-
actor and (B) without a flat-bed photoreactor, showing better degradation efficiency when
the flat-bed photoreactor was used.

Since two sets of experiments were conducted aiming for the photodegradation of
PAHs in three water sources, it was discovered that the photodegradation of PAHs in
acidic mine drainage was better to dissolve the PAHs rapidly in the leaching process, as
reported by Batchamen et al. [11]. The photodegradation was also favoured by both solar
irradiation, as shown by Li et al. [50,57], and the time taken for degradation [48]. The
photodegradation of PAHs was directly proportional to time and best performed using a
flat-bed photoreactor. As shown in Figure 4, the removal efficiency of the PAHs indicates that
the flat-bed photoreactor provided a higher removal efficiency. The scavenger (OH•) was
highly reactive in acidic mine drainage as compared to alkaline mine drainage, and this was
attributed to the physiochemical properties of the water reported by Batchamen et al. [11].
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Figure 4. Photodegradation of PAHs with (A) a flat-bed photoreactor and (B) without a flat-bed photoreactor.

A comparison of the experiments conducted by Rani et al. [55] on the photodegra-
dation of PAH in an aqueous solution and the results obtained in the present experiment
for the AMD, shows that the results of this current study agree with those obtained by
Rani et al. [55], which showed that the removal efficiency was higher as compared to the
individual PAHs. The introduction of TiO2 and UF (UV) in a photoreactor could enhance
a 85.6% PHE, 79.1% NAP, and 83.4% ACE removal, whereas with the application of the
flat-bed, as was done in the present experiment, almost 100% removal was possible in the
three water sources studied.

The photodegradation of PAHs was favoured in the acidic mine drainage, followed by
sewage wastewater and alkaline mine drainage. The results reveal that, as time increases,
more energy is required from the photon to the chemical energy to destabilize the π-π bonds
rings in PAHs to anticipate its degradation. The flat-bed photoreactor was able to adapt
enough energy due to the materials used and the geometry. The photodegradation after
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60 min was not enough to obtain a removal efficiency of 100%, therefore, it is recommended
for the photodegradation to go beyond 60 min.

In this study, it was proven that the flat-bed photoreactor was effective, and it was able
to decrease both the hydrophobic and immobility of the PAHs by destabilizing them with
the help of solar irradiation [53]. However, since the reaction occurred in a system, a few
factors, such as the nature of the environment, might influence the reaction, as reported by
Matamoros et al. [47]. After the photodegradation, the physiochemical property of these
waters, like the total dissolved organic carbon, decreases along with the PAHs pollutant [58].
The application of the flat-bed photoreactor can be recommended as an efficient method for
the photodegradation of persistent organic pollutants at any stage and water sources. This
flat-bed shows a higher removal efficiency under solar irradiation without any addition
of a catalyst; therefore, it can be recommended to be tested with an additional catalyst to
enhance the photodegradation of PAHs in various water sources.

4. Conclusions

The photodegradation of PAHs was proven to be spontaneous in the acidic mine
drainage, followed by the alkaline mine drainage and sewage wastewater, because of the pH
and the total dissolved organic content of these waters, as shown by Batchamen et al. [11].
Solar energy, which is a renewable energy source, was effective in reducing the PAHs in
acidic mine drainage, alkaline mine drainage, and sewage wastewater with or without the
flat-bed photoreactor. It was also highlighted that as time increased, more contact between
the PAHs and the photon took place. The flat-bed photoreactor was effective in producing
enough photons to challenge the aromatics rings to degrade the PAHs over time. The
removal efficiency was found to be 64%, 55%, and 58% using a flat-bed photoreactor and
53%, 33%, and 39% without the flat-bed photoreactor over time in acidic mine drainage,
alkaline drainage, and sewage wastewater, respectively. The hydroxyl species from the
water splitting was responsible for taking control of the persistent organic pollutants (PAHs)
in the experimental waters. The solar irradiation and the flat-bed photoreactor were highly
effective in achieving the aim. The highest removal efficiency was observed in acidic mine
drainage, followed by sewage wastewater and alkaline mine drainage.
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