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1. Introduction

Rapid urbanization and industrialization, together with new contaminants arising
from many different sources, make it necessary to move forwards with research to face
future challenges regarding water pollution.

Conventional wastewater treatment plants (WWTPs) are designed primarily to remove
organic matter and nutrients. For this reason, in many cases, these treatments are inefficient
for the removal of specific pollutants, with the consequent risk that this entails.

Emerging contaminants (ECs) represent a wide group of potentially hazardous com-
pounds that have been classified into various categories, including pharmaceutical and
personal care products (PPCPs), per- and poly-fluoroalkyl substances (PFAS), flame retar-
dants, surfactants, endocrine-disrupting chemicals (EDCs), and microplastics (MPs) [1].
Recently, it has been highlighted that chemical and plastic pollution has surpassed global
boundaries, resulting in harmful effects, not only for the environment, but also for the
humanity [2].

Furthermore, large amounts of sludge—the main residue originating from WWTPs—
are produced every year. The management of this waste leads to high costs, both in
economic and environmental terms, so exploring alternatives for its valorisation is essential.
Residue reduction and reuse of wastewater seem to be an excellent option to achieve
a circular economy, lessening the environmental impacts associated with wastewater
treatment processes. In addition, different efforts to valorise agricultural by-products to
treat wastewater have been conducted, which also meets sustainability goals.

In view of the current situation, this Special Issue aimed to compile the latest re-
search on relevant wastewater treatment concerns, such as EC occurrence and removal
in WWTPs, novel technologies for wastewater and sludge treatment, sludge valorisation,
transformation of agricultural residues into materials for wastewater treatment, etc.

Of the papers submitted to this Special Issue, eight were finally accepted and published.
These articles can be organized into three different topics, as synthetized below.

2. Occurrence and Fate of Emerging Contaminants in WWTPs

WWTPs have been reported as one of the main sources for the release of ECs into
the environment. Accordingly, gaining an in depth knowledge of the occurrence and
fate of these potentially harmful contaminants is a topic of great interest. In this context,
Kumar et al. [3] studied the incidence of 15 pharmaceutically active compounds (atenolol,
amlodipine, bisoprolol, carbamazepine, citalopram, diazinon, fluoxetine, ketoconazole,
metformin, metoprolol, oxazepam, paracetamol, propranolol, risperidone, and sertra-
line), 18 antibiotics (ciprofloxacin, clarithromycin, clindamycin, doxycycline, erythromycin,
ofloxacin, linezolid, metronidazole, moxifloxacin, norfloxacin, tetracycline, trimethoprim,
amoxicillin, ampicillin, benzylpenicillin, fusidic acid, rifampicin, and sulfamethoxazole),

Appl. Sci. 2023, 13, 10121. https://doi.org/10.3390/app131810121 https://www.mdpi.com/journal/applsci
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and one stimulant (caffeine) in the largest treatment facility in Jordan (Assamra WWTP).
These authors also analysed the presence of these compounds in the Zarqa River, where
the treated water is discharged. This study concluded that Assamra WWTP is efficient in
removing caffeine and pharmaceutically active compounds (except for bisoprolol and car-
bamazepine) with overall efficiencies higher than 80%, whereas the wastewater treatment
process was not able to eliminate antibiotics. Additionally, Zarqa river water was shown to
be contaminated with pharmaceutically active compounds and antibiotics, and the origins
of this pollution were the effluent discharges from Assamra WWTP and side-inputs from
the areas surrounding the river.

Menéndez-Manjón et al. [4] remarked that WWTPs also represent a major indirect
source of microplastics released into the environment and analysed, as a case study, the
performance of a WWTP sited in Southwest Europe for one year. They observed that
the majority of MPs detected in wastewater and sludge samples were fragments and
fibres. Regarding the chemical composition of these micropollutants in the water samples,
polyethylene (PE), polyethylene terephthalate (PET), and polypropylene (PP) were the
most common microplastics, whereas, in the sludge samples, the main polymers were
PET, polyamide (PA), and polystyrene (PS). No significant variations were found between
months and the results showed that removal efficiencies were between 89% and 95% during
study the period. Moreover, most MPs (88%) were eliminated in the secondary treatment
stage, being entrapped in the sludge.

3. Agricultural Residue Valorisation for Wastewater Treatment

It has been estimated that approximately 998 million tons of agricultural wastes are
generated each year. In the search for economic and eco-friendly alternatives to manage-
ment, agricultural residues have been proposed as biosorption materials for the removal of
water pollutants [5].

Mamera et al. [6] reviewed the literature published on the potential use of biochar, a
carbon-rich adsorbent produced from different organic biomass, in faecal sludge manage-
ment in developing countries. This work determined that biochar is a viable option for
faecal sludge management due to its capacity to bind different inorganic and organic pollu-
tants. Incorporating biochar as a low-cost adsorbent in pit latrine sludge management could
lead an improvement in the quality of water resources and, in addition, biochar-amended
sludge could be repurposed as a useful economical by-product.

Bouhcain et al. [7] obtained activated carbon from argan nutshells by means of chem-
ical activation. Once this material was characterized, it was assayed as an adsorbent for
the removal of two emerging contaminants employed as model pollutants, a stimulant
(caffeine) and an anti-inflammatory drug (diclofenac). The highest adsorption capacity
was about 126 mg and 210 mg per gram of activated carbon, for diclofenac and caffeine,
respectively. The adsorption process was described by a pseudo-second-order kinetic
model and the thermodynamic parameters indicated that this process was spontaneous
and exothermic for diclofenac and endothermic in the case of caffeine.

Samir et al. [8] employed date stems as a precursor to prepare activated carbon (AC)
by calcination. The AC was modified by a hydroxylation strategy to increase the hydroxyl
groups over the surface, resulting in AC-OH. In addition, to ensure that photodegradation
took place, AC was impregnated into TiO2 solution to produce AC-TiO2. The obtained
materials were evaluated to remove pharmaceutical contaminants based on atenolol (AT)
and propranolol (PR). Results showed that the removal of AT and PR reached 92% by
adsorption, while 94% was obtained by photodegradation. Comparing both processes,
adsorption proved to be more suitable for removing pollutants from water, since it pre-
sented low energy consumption, which revealed AC-OH as a low-cost and environmentally
friendly material suitable for wastewater treatment on an industrial scale.
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4. Removal of Recalcitrant Compounds

Biodegradation is a cost-effective and practical solution for removing contaminants
from different environments, including wastewater, where microorganisms play a key role.
However, biodegradation of recalcitrant pollutants is particularly problematic due to the
lack of efficient microbial metabolic traits [9]. A fundamental aspect of biodegradation is
the C:N ratio. Staninska-Pięta et al. [10] assessed the impact of nitrogen compounds during
the process of biological decomposition of hydrocarbons, confirming the positive effect
of properly optimised biostimulation. Nevertheless, when excessive biostimulation was
employed, negative effects on the biodegradation efficiency were observed. Certain efflu-
ents from the food industry, such as the olive sector, contain lignocellulosic organic matter
and phenolic compounds, which are difficult to eliminate using conventional biological
methods. Díaz et al. [11] evaluated Phanerochaete chrysosporium to treat “alperujo” (olive
pomace), a by-product composed of pulp waste, ground stone, and skin, together with
vegetation waters. COD (Chemical Oxygen Demand) and colour removals of around 60%,
and 32% of total phenolic compounds degradation, were achieved in this work, showing
the interest of this fungi in recalcitrant compound treatment.

Furthermore, Fuller’s earth was proposed as an environmentally green material to be
employed as a catalyst in heterogeneous Fenton oxidation technology [12]. Fuller’s earth
was chemically and thermally activated, and the obtained catalysts were employed to treat
synthetic wastewater polluted with Levafix Dark Blue dye. Optimal results were observed
when 818 and 1.02 mg/L of Fuller’s earth and hydrogen peroxide were used, respectively.
Specifically, it was possible to achieve a removal efficiency of 99% and, in addition, after a
six-cycle test, a reasonable percentage of dye (73%) was still removed. This underlines the
potential of this material to be applied in textile wastewater effluent treatment.

5. Future Prospects

Approximately, 80% of the world’s wastewater is still discharged into the environment
untreated. With an increasing scarcity of freshwater available, mainly due to a growing
population and the unsustainable use of natural resources, the treatment and recycling of
wastewater is a topic of great interest. Moreover, the occurrence of emerging pollutants
in wastewaters, such as pathogens, pharmaceuticals, and microplastics, has become a
progressively serious issue. Although conventional contaminants may be feasibly removed
using established methods, many hazardous compounds, for example, polyfluoroalkyl sub-
stances, antibiotics, endocrine-disrupting chemicals, etc., are resistant to typical biological
treatments, which leads to a severe threat, not only for aquatic environments, but also for
human health.

According to the United Nations, it is very likely that water will be the most critical
natural resource in the decades to come. Certainly, universal access to clean water and sani-
tation is one of the 17 Sustainable Development Goals (SDG 6) that should be achieved by
2030 [13]. This makes it essential to develop novel green alternatives to address wastewater
purification in the present context of sustainability.

Moreover, following circular economy principles, valorisation of wastes is mandatory
today; this requires, for instance, the use of agricultural residues in wastewater treatment
processes, the use of sewage sludge as soil amendment, or the recovery of compounds of
interest from different industrial wastes.

Thus, the current defiance of the wastewater sector could be summarised as the need
for sustainable and cost-effective technology development. More efforts are required
from the scientific community to tackle scientific, political, and societal aspects regarding
wastewater concerns in the context of demanding environmental conditions and challenges
of the future.

Author Contributions: Conceptualization, formal analysis, writing—original draft preparation,
writing—review and editing, A.L. and Y.P. All authors have read and agreed to the published version
of the manuscript.

3



Appl. Sci. 2023, 13, 10121

Acknowledgments: All the authors and peer reviewers are gratefully thanked for their valuable
contributions that made this Special Issue possible. The MDPI is congratulated for their dedicated
editorial support. Finally, we want to place on record our sincere gratefulness to the Assistant Editor,
who kindly supported us during the development of this project.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kumar, R.; Vuppaladadiyam, A.K.; Antunes, E.; Whelan, A.; Fearon, R.; Sheehan, M.; Reeves, L. Emerging Contaminants in
Biosolids: Presence, Fate and Analytical Techniques. Emerg. Contam. 2022, 8, 162–194. [CrossRef]

2. Yang, L.; Weber, R.; Liu, G. Science and policy of legacy and emerging POPs towards Implementing International Treaties. Emerg.
Contam. 2022, 8, 299–303. [CrossRef]

3. Shigei, M.; Assayed, A.; Hazaymeh, A.; Dalahmeh, S.S. Pharmaceutical and Antibiotic Pollutant Levels in Wastewater and the
Waters of the Zarqa River, Jordan. Appl. Sci. 2021, 11, 8638. [CrossRef]

4. Menéndez-Manjón, A.; Martínez-Díez, R.; Sol, D.; Laca, A.; Laca, A.; Rancaño, A.; Díaz, M. Long-Term Occurrence and Fate of
Microplastics in WWTPs: A Case Study in Southwest Europe. Appl. Sci. 2022, 12, 2133. [CrossRef]
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Abstract: Assamra wastewater treatment plant (WWTP) is the largest treatment facility in Jordan.
Treated wastewater is discharged into the Zarqa River (ZR) and used to irrigate fodder and vegetables.
ZR also includes surface runoff, stormwater, and raw wastewater illegally discharged into the river.
This study examined pharmaceutically active compounds (PhAC) in water resources in the ZR basin.
Samples of WWTP influent and effluent and river water from four sites along ZR were collected.
Concentrations of 18 target antibiotics, one stimulant, and 15 other PhACs were determined in
the samples. Five antibiotics were detected in WWTP influent (510–860 ng L−1 for ∑Antibiotics)
and six in the effluent (2300–2600 ng L−1 for ∑Antibiotics). Concentrations in the effluent of all
antibiotics except clarithromycin increased by 2- to 5-fold compared with those in influent, while
clarithromycin concentration decreased by around 4- fold (from 308 to 82 ng L−1). WWTP influent and
effluent samples contained 14 non-antibiotic PhACs, one simulant, and six antibiotics at detectable
concentrations. The dominant PhACs were paracetamol (74% of ∑PhACs) in the influent and
carbamazepine (78% of ∑PhACs) in the effluent. At ZR sampling sites, carbamazepine was the
dominant PhAC in all cases (800–2700 ng L−1). The antibiotics detected in WWTP effluent were also
detected at the ZR sites. In summary, water in ZR is contaminated with PhACs, including antibiotics,
and wastewater discharge seems to be the main pathway for this contamination. The occurrence of
antibiotics and other PhACs in the irrigated soil requires investigation to assess their fate.

Keywords: Assamra WWTP; caffeine; carbamazepine; irrigation; ofloxacin; paracetamol; pharma-
ceuticals; Zarqa River

1. Introduction

Worldwide, there is large-scale production and use of a vast range of pharmaceutically
active compounds (PhACs), including antibiotics. Different regions of the world have
different levels of restriction on prescription and sales of drugs. In Jordan, self-medication
is common practice, and drugs can easily be purchased from drugstores without prior
prescription, despite laws prohibiting the sale and dispensing of non-prescribed antibi-
otics [1,2]. In the study by Almaaytah et al. [2], more than 70% of drugstores investigated
dispensed antibiotics, without prescription, for medical issues that included sore throat,
urinary tract infection, diarrhea, and otitis media. Antibiotic resistance genes in different
types of bacteria have been reported in isolates from the human population in Jordan [3,4].

After ingestion, PhACs (including antibiotics, stimulants, and illicit drugs) and their
metabolites end in human excreta (urine and faeces) and reach the environment via direct
discharge or discharge of treated effluents from municipal wastewater systems [5,6]. Many
low and middle-income countries host pharmaceutical industries that produce wastewater,
which often receives poor treatment, e.g., ending up in the environment or discharged
into municipal sewage systems [7–9]. For effective removal of PhACs from wastewater,
tertiary treatment steps involving nanotechnologies, adsorption, membrane technologies,

Appl. Sci. 2021, 11, 8638. https://doi.org/10.3390/app11188638 https://www.mdpi.com/journal/applsci
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or advanced oxidation processes (UV, H2O2, photooxidation) are needed [10–13]. These
technologies are generally expensive and demand significant resources for maintenance
and operation. In many parts of the world, wastewater treatment facilities are overloaded,
compromising the treatment efficiency, or not applying a tertiary treatment [14–17]. Con-
sequently, effluents from WWTP constitute a significant source of PhACs, which lead to
pollution of water resources, e.g., surface, ground, and lake water upon discharge.

Pollution of water resources with PhACs has been reported around the world. Still,
most of the research focusing on these pollutants had been conducted in industrial and
high-income countries, e.g., Japan, Europe, and the USA [9,18–24].

In Jordan, a middle-income country in the Mediterranean, wastewater treatment
often does not include a tertiary step, and drug prescriptions and sales regulations are
not regulated strictly. According to the Ministry of Water and Irrigation, 29 wastewater
treatment plants (WWTPs) operate in Jordanian cities, with an estimated annual treated
discharge of around 120 Mm3 of wastewater [25]. The Assamra plant is the largest of
Jordan’s 29 WWTPs, treating wastewater from more than two million people, mainly in
the Amman and Zarqa Governorates [26]. Government and non-government agencies in
Jordan are currently promoting the reuse of treated wastewater to mitigate the chronic
water shortage in the country and for nutrient recovery, i.e., recycling of phosphorus from
sewage back to arable land. As a result, more than 92% of the treated wastewater produced
in the main cities in Jordan, i.e., Amman and Zarqa, is used for irrigation [25], mainly in
the Zarqa River basin.

The Zarqa River (ZR) is an ecosystem component of great importance for food supply
and socioeconomic development in Jordan, as the river water is used to irrigate a wide
range of vegetables, fodder crops, and industrial/cash crops in surrounding fields and
gardens. The remaining ZR water flows down into King Talal Reservoir, a major water
reservoir feeding King Abdullah Canal, from which water is taken for irrigation in the
lower Jordan valley [26]. The annual average flow rate in ZR is around 360,000 m3 day−1.
Concerning water sources, ZR receives more than 325,000 m3 day−1 of treated effluent from
Assamra WWTP and surface water from Amman, Zarqa, Jerash, and parts of Mafraq [26].
Due to the large amounts of wastewater effluent discharged into ZR, the river can be
assumed to be a significant pathway for spreading PhACs into the environment through
its use as a source of irrigation water. Pollution with several types of micropollutants,
including pesticides and pharmaceuticals, in different water sources in the lower Jordan
River has been reported by Tiehm et al. [27], Tiehm et al. [28], and Zemann et al. [29]. A
recent study detected 14 PhACs in influent and effluent of Assamra WWTP [30]. However,
the pollution loads and fate of PhACs in river water along ZR have not been sufficiently
explored, and more research is needed in this region.

This study aimed to determine the PhACs pollution of water resources in Jordan’s ZR
basin, an example of a low-middle income country. Specific objectives were (i) to deter-
mine the occurrence and concentrations of 33 multiclass PhACs (e.g., anti-inflammatory,
beta-blockers, antibiotics, anti-diabetics, heart and vascular disease drugs, anti-epileptics,
stimulants, and anti-fungal) in wastewater and water resources feeding ZR; and (ii) to
investigate the contribution of Assamra WWTP to PhAC levels in ZR water and assess the
performance of the WWTP in removing selected PhACs, including antibiotics.

2. Materials and Methods

2.1. Description of the Study Area

Wastewater and water resources contributing to the flow in ZR were studied. A
catchment area of 4120 km2 located in the north of Jordan contributes to the natural
streamflow in ZR [31]. The ZR Basin has an arid climate in the east and the southeast.
In contrast, the western parts have typical Mediterranean climates that are semiarid in
Amman (Capital of Jordan) and dry sub-humid in Ajloun, where rainfall exceeds 560 mm.
The western parts are mountainous and characterized by cool temperatures in winter
and mild temperatures in summer. The annual rainfall ranges from more than 500 mm
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in the northwest to less than 100 mm in the east, with an average annual precipitation
of 250 mm [32]. The basin hosts 60% of Jordan’s population and 85% of all industries
in Jordan, and its flood plain is used for agriculture [32]. The water downstream in
ZR includes treated effluent from Assamra WWTP and surface runoff and stormwater
generated during the rainy season (December–April) [33]. Assamra WWTP treats an
average of 365,000 m3 day−1 of municipal wastewater and industrial wastewater for the
population of 2,270,000–3,300,000 PE [33,34]. The primary use of ZR water is irrigation
fodder and vegetable crops in fields within the ZR flood plain [32]. This study area was also
investigated in our previous study, and more details of the area can be found in Shigei et al. [35].

2.2. Sample Collection

In a single sampling event, wastewater and river water samples were collected in
the ZR catchment area (Figure 1). The samples of influent and effluent were collected at
Assamra WWTP (n = 4). River water samples were collected manually from the top 30 cm
water layer of the river by filling high-density polyethylene (HDPE) plastic bottles from
the center of the river at four locations: (i) Sukhna station (5.45 km from the main ZR), in
a tributary unaffected by Assamra WWTP (n = 2); (ii) Twahin Eledwan station (28.74 km
from Assamra WWTP) (n = 2) and (iii) Military station (47.73 km from Assamra WWTP)
(n = 2), both downstream of Assamra WWTP; and (iv) Jerash stream, a groundwater stream
feeding into ZR (n = 2) (Figure 1, Table S1 in Supporting Information (SI)). Two samples
were collected from each site, with an interval of 1 h between the samples. All samples
were kept frozen at −20 ◦C and transported to Sweden for analysis of PhACs.

(A) 

(B) 

Figure 1. (A) Location of the Zarqa River (ZR) basin in Jordan. (B) Sampling sites for Assamra wastewater treatment plant
(WWTP) influent and effluent (n = 4) and for river water at Sukhna station (n = 2), Twahin Eledwan station (n = 2), Military
station (n = 2), and Jerash stream (n = 2). Part A of the diagram is modified from Shigei et al. (2020).

2.3. PhACs Target Analyses

The term PhACs is used hereafter to refer to all substances which have therapeutic
effects other than antibiotics. Antibiotics were considered separately because of potential
health and environmental impacts. A total of 15 PhACs were included in the analysis
(atenolol, amlodipine, bisoprolol, carbamazepine, citalopram, diazinon, fluoxetine, keto-
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conazole, metformin, metoprolol, oxazepam, paracetamol, propranolol, risperidone, and
sertraline). In addition, the concentrations of 18 antibiotics (ciprofloxacin, clarithromycin,
clindamycin, doxycycline, erythromycin, ofloxacin, linezolid, metronidazole, moxifloxacin,
norfloxacin, tetracycline, trimethoprim, amoxicillin, ampicillin, benzylpenicillin, fusidic
acid, rifampicin, and sulfamethoxazole) and one stimulant (caffeine) were analysed. The
chemical properties of each compound are shown in Table S1. Isotopically labelled inter-
nal standards (IS) used in the analyses were diclofenac 13C6, hydrochlorothiazide 13C6,
carbamazepine 13C15N, and ibuprofen-d3.

2.4. Extraction and Analyses of PhACs and Other Parameters

All influent, effluent, and river water samples were extracted using solid-phase extraction
with Oasis HLB cartridges (200 mg, 6 cc; Waters Corporation, Manchester, UK) according
to the extractions method previously described in Dalahmeh et al. [36], Dalahmeh et al. [37],
nd Gros et al. [38]. Before extraction, the samples were spiked with 100 μL of IS mixture
containing 1 ng μL−1 diclofenac 13C6, hydrochlorothiazide 13C6, carbamazepine 13C15N,
and ibuprofen-d3.

The mass of the target PhACs, antibiotics, and caffeine compounds was determined
using high-performance liquid chromatography coupled with mass spectrophotometry
(HPLC-MS/MS). All analyses were carried out at the Swedish Environmental Institute
(IVL) laboratories using a binary Shimadzu AD20 UFLC HPLC system with automatic
sample changer and column furnace coupled to an ABSciex API-4000 mass spectrometer.
Samples were analysed under positive and negative electrospray ionization (ESI) mode
using a Waters XBridge BEH C18 column (100 mm × 2.1 mm with 3 μm opening size).
The eluents used in the mobile phase were A: 10 mM acetic acid in deionized water and
B: methanol. The gradient used was a linear gradient from 0–90% methanol for 17 min,
with a final plateau at 90% methanol for 4 min before a rapid return to 100% A and a final
recovery and equalization of 2 min. The concentration of each analyte was quantified using
an eight-point calibration curve (0, 5, 10, 20, 50, 100, 200, and 500 ng).

Besides the target PhACs, antibiotics, and caffeine, the river water, influent and effluent
samples were analysed for pH, chemical oxygen demand (COD), electrical conductivity
(EC), total suspended solids (TSS), and total solids (TS). All analyses of liquid samples
were performed according to Standard Methods for Examination of Water and Wastewater
APHA [39], using the following protocols: pH (4500-H and B), biochemical oxygen demand
(BOD5; 5210-B), TSS, and TS (2540-B-D). The pH was measured by an electrode that
measures the concentration of H ion by millivolts. The Chemical Oxygen Demand was
measured by oxidizing the water sample by oxidizing agent (potassium dichromate)
followed by open reflux digestion at 1500 ◦C for 2 h, then back titration for the remaining
dichromate using sodium thiosulfate. The electrical conductivity of water was measured
using a conductivity cell immersed in a 50 mL sample. Total solid was measured by
gravimetric method, through drying the sample in an oven at 105 ◦C overnight until the
crucible has a constant weight. Then, the difference in weights showed the total solids that
exist in a sample (summation of total dissolved solids and total suspended solids). Total
suspended solid was also measured by gravimetric method, by weighing the washed dried
filter paper, then filtering the sample and drying it in an oven at 105 ◦C, the difference
showing the concentration of suspended solids.

2.5. Quality Control

Method blank was prepared using 500 mL of pure MilliQ®® water spiked with 100 μL
IS. The blank sample was extracted following the same procedure as used for the other
liquid samples. The blank sample did not show detectable levels of any of the measured
substances. All detectable concentrations lower than 1 ng L−1 were recorded as <1 ng L−1.
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2.6. Calculations and Statistical Analysis

Analysis of variance (ANOVA) at 95% confidence level was used to assess the sig-
nificance of the difference in PhAC concentrations between the different locations. All
statistical analyses were performed using the ANOVA adds-in package coupled to Excel
2016 (Microsoft Office, Microsoft, USA).

3. Results and Discussion

3.1. General Quality of Wastewater and Water Resources within Zarqa River Basin

The influent to Assamra WWTP contained 1550 mg L−1 of TS, of which 33.5% was
in suspended form, i.e., as TSS (Table S3 in SI). Organic matter content (expressed as
COD) was high in influent samples (950 mg L−1). Comparison of influent and effluent
concentrations indicated that Assamra WWTP was efficient in TSS and COD removal
(98% and 96%). At all sampling locations, along with ZR, the TSS concentrations were
low (<2–40 mg L−1) (Table S3), while the TS concentrations were high (840–4600 mg L−1).
Jerash stream contained the highest TS concentration (4600 mg L−1) and had visible white
residue. Organic matter content in river water was low (4–30 mg L−1) at all sampling
locations except Sukhna station, which seemed to have minor contamination with organic
matter (110 mg COD L−1). A wastewater pumping station is located upstream of Sukhna
station, and leakages of wastewater would flow downstream to Sukhna station.

3.2. Concentration and Removal of PhACs and Antibiotics in Assamra WWTP

A total of 15 PhACs (excluding antibiotics) and one stimulant were detected in influent
and effluent of Assamra WWTP. The combined concentration of PhACs (excluding antibiotics
and caffeine; ∑PhACs) was 20,668–31,485 ng L−1 in the influent and 4032–4394 ng L−1

in the effluent, showing a significant reduction effect of treatment in Assamra WWTP
(Figure 2, Table S4 in SI). The influent contained high levels of caffeine (27,737–53,223 ng L−1),
but these were reduced effectively in Assamra WWTP, resulting in a concentration of
64–273 ng L−1 in the effluent. Caffeine is highly biodegradable and can be used as an
indicator of residual bioactivity [40].

The dominant PhACs in influent were paracetamol (anti-inflammatory; 14,891–24,309 ng L−1)
which comprised 74% of ∑PhACs, carbamazepine (anti-epileptic; 2365–3020 ng L−1), which com-
prised 11% of ∑PhACs, atenolol (beta-blocker; 1723–1952 ng L−1), which comprised 7% of
∑PhACs, and metformin (anti-diabetic), which comprised 4% of ∑PhACs. In the effluent,
carbamazepine was the dominant PhAC (3138–3352 ng L−1), comprising 78% of ∑PhACs,
followed by metoprolol (beta-blocker; 10% of ∑PhACs). The removal rate of the dominant
substances during WWTP treatment was: 99% for paracetamol, −22% for carbamazepine,
95% for atenolol, and 97% metformin (Figure 3). Poor removal has been reported previously
for carbamazepine and hydrochlorothiazide in WWTPs in Spain [41]. Lajeunesse et al.
also reported poor removal of carbamazepine in WWTPs in Canada [42]. Other studies
investigating the removal of PhACs in middle-income countries (e.g., Jordan) report low re-
moval efficiencies (<50%) for a number of PhACs, including carbamazepine [30]. Bisoprolol
(beta-blocker) was present in higher effluent concentrations than influent (10-fold increase).
Beta-blocker i.e bisoprolol is generally difficult to remove from wastewater [43]. The overall
removal rate in Assamra WWTP was 81%–87% for ∑PhACs and 99% for caffeine. The
concentrations of all measured substances are shown in Table S4.

In a previous study, Al-Mashaqbeh et al. [30] found that carbamazepine concentration
was high in Assamra WWTP influent (1100 ng L−1) and effluent (850 ng L−1), resulting
in low removal of the substance (23%). That study also reported a high occurrence of
caffeine (156,000 ng L−1) and its metabolite (1,7-dimethylxanthine; 10,500 ng L−1) in
influent, but high removal in Assamra WWTP plant (>99%), and very high concentrations
(36,700 ng L−1) of paracetamol in influent, but efficient removal in the WWTP (99%). The
results in the present study confirm these findings of Al-Mashaqbeh et al. [30].
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Figure 2. Concentrations (ng L−1) of pharmaceutically active compounds (PhACs, excluding antibiotics) in Assamra
wastewater treatment plant (WWTP) influent (n = 2) and effluent (n = 2), and in water from the Zarqa River at Sukhna
station, (n = 2), Twahin Eledwan station (n = 2), Military station (n = 2) and Jerash stream (n = 2). S1, S2 = parallel samples.

 

Figure 3. Efficiency (%) of Assamra wastewater treatment plant in removing pharmaceutically active compounds (PhACs,
excluding antibiotics) from the wastewater. S1, S2 = parallel samples.

Of the 18 antibiotics targeted in the analysis, only five substances were detected
in the influent and six in the effluent of Assamra WWTP. These were clarithromycin,
erythromycin, ofloxacin, metronidazole, and sulfamethoxazole in the influent, and these
five plus ciprofloxacin in the effluent (Figure 4). Ofloxacin (fluoroquinolones class) showed
the highest concentration in wastewater effluent, followed by erythromycin (macrolides
class) and metronidazole (antiprotozoal class) (Figure 4, Table S5 in SI). None of the target
substances in the penicillin class (amoxicillin, ampicillin, benzylpenicillin) was detected in
the influent or effluent samples. This result is surprising since Almaaytah et al. [2] reported
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that antibiotics in the classes fluoroquinolones, macrolides, penicillin, and antiprotozoal
are the most commonly dispensed antibiotics in Jordan.

Figure 4. Concentrations of antibiotics (ng L−1) in Assamra wastewater treatment plant (WWTP) influent (n = 2) and
effluent (n = 2), and in water from the Zarqa River at Sukhna station, (n = 2), Twahin Eledwan station (n = 2), Military station
(n = 2), and Jerash stream (n = 2). S1, S2 = parallel samples.

The combined antibiotics (∑Antibiotics) concentration was 510–860 ng L−1 in in-
fluent and 2300–2600 ng L−1 in the effluent (Figure 4, Table S5). After passing through
the treatment process, only the concentration of clarithromycin decreased (from 308 to
82 ng L−1; removal rate 73% on average). C.F. Couto et al. reviewed the WWTPs perfor-
mances to remove the PhACs in various countries [44]. The reported studies of 12 kinds of
antibiotics, including Ofloxacin and Erythromycin, all observed positive values as removal
ratio. However, the present study showed 2- to 5-fold higher concentrations of all other
antibiotics in effluent than the levels in influent. Ciprofloxacin, which was not detected in
the influent, was found in the effluent samples. Hydrolyses of organic matter of wastewater
of solid phase and hence the release of ciprofloxacin bound to solids into the liquid phase
could have occurred, explaining the increase of the substance in the effluent. Moreover,
antibiotics partition into water is generally based on the chemical and physical properties
of the antibiotic itself [45]. For example, clarithromycin has high partition coefficients
(log Kow = 3.16, Koc = 150, Table S2) and low solubility. These properties suggest that
clarithromycin is likely to adsorb to the solids in wastewater, which explains this sub-
stance’s reduction. In contrast, ofloxacin has low log Kow (−2) and high-water solubility
(6.7 × 105 mg L−1) (Table S2), suggesting that it is water-soluble, explaining the high
concentrations in the effluent.

In this study, we did not analyse the concentrations of antibiotics in the solid phase
of raw wastewater or the WWTP sludge. It is likely that a fraction of the antibiotics
initially partitioned to organic matter or accumulated in biomass in the wastewater was
released after hydrolysis of the organic matter during biological treatment in the WWTP.
This condition would partly explain the increase in antibiotic concentrations in effluent
compared with influent, as also suggested in other studies [45,46]. Another explanation
could be the presence of antibiotic conjugates or metabolites, which were cleaved back to
their mother forms during the treatment process [46,47].
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3.3. Spatial Distribution of PhACs and Antibiotics in ZR

At Sukhna station, on a tributary not impacted by Assamra WWTP effluent, ∑PhACs
were 8141–8178 ng L−1 (Figure 2, Table S4). The high concentration of PhACs at this site
was attributed to wastewater contamination and possible leakages of untreated wastewater
from a pumping station upstream of Sukhna station. In addition, a small peri-urban
community discharges its wastewater to the river, and sewage tankers illegally dump
sewage close to the river. These are potential reasons for the high ∑PhACs in river water at
Sukhna station.

The Twahin Eledwan station sampling site downstream of Assamra WWTP showed
lower levels of ∑PhACs (970–1033 ng L−1) than in WWTP effluent (4032–4394 ng L−1). The
dilution of PhACs can explain this, with surface runoff in the river channel. Thereafter,
the concentration of ∑PhACs increased along the flow path in ZR and reached its highest
level at Military station (1657–3154 ng L−1) (Figure 1). Thus, there are evidently notable
side-inputs of PhACs from areas surrounding the river. In particular, a military facility
located downstream seems to be a point source of PhACs to ZR (Figures 3 and 4). In Jerash
stream, a small downstream tributary of ZR, surface water samples showed low detectable
deficient levels of ∑PhACs (<3 ng L−1). The source of this tributary is spring water, and
our sampling site was located just before the spring water flow mixed with other water
from ZR.

It should be mentioned that the concentrations of individual PhACs differed signifi-
cantly between all sampling sites. Paracetamol was detected at all sites but occurred in the
highest concentrations at Sukhna station (4870–5900 ng L−1). Paracetamol concentration
then decreased to reach 40–70 ng L−1 as the water flowed downstream in ZR due to dilution
and probable degradation. Carbamazepine was the dominant PhAC at all sites upstream
and along ZR (800–2700 ng L−1). Interestingly, we found a negative correlation between the
concentration of carbamazepine and TSS content in water samples, i.e., the concentration
of carbamazepine in water decreased as the TSS content in the water increased. Adsorption
of carbamazepine to river sediment has been reported elsewhere [48,49]. Metoprolol and
bisoprolol were among the dominant PhACs detected in ZR water.

The six antibiotic substances detected in Assamra WWTP effluent (clarithromycin,
erythromycin, ofloxacin, metronidazole, sulfamethoxazole, and ciprofloxacin) were also
detected in water at the different sampling sites along with ZR (Figure 4). Ofloxacin showed
the highest concentrations in all sites along with ZR, and its concentration increased down-
stream in the river to reach the highest level at Military station (334–595 ng L−1). It is
not clear why this was the case. Still, we cannot exclude desorption of previously sorbed
antibiotics from river sediment to water and illegal dumping of sewage sludge as con-
tributing causes. Other studies have found that antibiotics (specifically sulfamethoxazole)
decompose during transport within water systems [50]. In addition, the present study has
shown the results of one-time sampling, but the river flow rate is subjected to seasonal
change that would affect the concentration and retention time of the PhACs [51]. Therefore,
more monitoring campaigns are recommended for future work.

The estimated mass flow of target substances in ZR water at Military station was
39–71 kg year−1 for antibiotics and 60–110 kg year−1 for other PhACs, based on water flow
of 86×106 m3 year−1. It should be pointed out that most of the water in ZR is used for the
irrigation of vegetables and fodder crops [35]. The fate of antibiotics and other PhACs in
irrigated soils in the study area was not analysed in this study. However, the transport of
antibiotics within the ZR water system is alarming and there is likelihood that it poses a risk
of developing and spreading antimicrobial resistance within the area. Upstream measures
might be needed to reduce antibiotics in wastewater and limit the loads entering the water
system and the environment. Such measures could include limiting the prescription and
sale of antibiotics and increasing awareness among the public and pharmacists of the
consequences of antimicrobial resistance.
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4. Conclusions

This study examined the occurrence of 15 pharmaceutically active compounds (PhACs),
18 antibiotics, and one stimulant (caffeine) in influent and effluent from Assamra WWTP
and in water samples from the Zarqa River and its tributaries. Based on the results obtained,
the following conclusions were drawn:

- Assamra WWTP is efficient in minimising the concentrations of PhACs and caffeine,
with an overall efficiency of 81–87% and 99%, respectively. It is inefficient in removing
bisoprolol and carbamazepine, for which effluent concentrations were 128% and 22%
higher than influent.

- Assamra WWTP is inefficient in removing antibiotics from wastewater, as concentra-
tions of all antibiotics detected, except clarithromycin, increased by 2- to 5-fold in the
effluent compared with the influent.

- Zarqa river water is contaminated with antibiotics and PhACs. Sources of these
contaminants are likely to be effluent from Assamra WWTP and side-inputs from the
areas surrounding the river.

- ∑Antibiotics and ∑PhACs in Zarqa river water are still lower than those in Assamra
WWTP effluent. Dilution, degradation, evaporation, and adsorption are potential
mechanisms contributing to lowering the concentration of PhACs along the river.

- Since most Zarqa river is used for irrigation of vegetables and fodder crops, the
PhACs and antibiotics in river water could enter the food chain and pose a risk of
spreading antibiotic-resistant genes and mobile genetic elements (i.e., plasmids and
integrin). Further research is required to study the fate of antibiotics and other PhACs
in irrigated soils, WWTP sludge, and plants in the Zarqa river basin.

- Future research should aim at conducting more sampling and at staging analysis at
different seasons to understand the effects of weather conditions on the fate of PhACs
in the study area. In addition, analyses of the PhACs in the solid phase (i.e., sludge)
are necessary to understand the partitioning of the PhACs between the water and
solid phases of the wastewater in the Assamra plant and to evaluate the total loads of
PhACs in the wastewater influent and effluent.
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417/11/18/8638/s1, Table S1. Geographic positioning system (GPS) coordinates of the sampling
sites for wastewater treatment plant (WWTP) influent and effluent and Zarqa River (ZR) water.
Data from [35], Table S2. List of pharmaceutically active compounds (PhACs, including antibiotics)
targeted in analysis of liquid samples and their chemical and physical properties (chemical formula,
molecular weight (MW), logarithmic octanol-water distribution coefficient (log Kow), organic carbon-
water partition coefficient (Koc), logarithmic dissociation constant (pKa), and water solubility at
25 ◦C (mg/L). Values without any reference superscript (+) were modeled and taken from ChemSpi-
der (2020), Table S3. Concentrations of total suspended solids (TSS), total solids (TS) and chemical
oxygen demand (COD) samples (n = 1 per site) in Assamra wastewater treatment plant (WWTP)
influent and effluent and Zarqa River (ZR) water at Sukhna station, Twahin Eledwan station, Military
station, and Jerash stream. Data from [35].
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Abstract: Microplastic (MP) water pollution is a major problem that the world is currently facing,
and wastewater treatment plants (WWTPs) represent one of the main alternatives to reduce the MP
release to the environment. Several studies have analysed punctual samples taken throughout the
wastewater treatment line. However, there are few long-term studies on the evolution of MPs over
time in WWTPs. This work analyses the performance of a WWTP sited in Southwest Europe in
relation with annual occurrence and fate of MPs. Samples were monthly taken at different points
of the facility (influent, secondary effluent, final effluent, and sludge) and MPs were quantified and
characterised by means of stereomicroscopy and FTIR spectrophotometry. The majority of MPs found
in wastewater and sludge samples were fragments and fibres. Regarding to the chemical composition,
in the water samples, polyethylene (PE), polyethylene terephthalate (PET) and polypropylene (PP)
stood out, whereas, in the sludge samples, the main polymers were PET, polyamide (PA) and
polystyrene (PS). The MPs more easily removed during the wastewater treatment processes were
those with sizes greater than 500 μm. Results showed that the MPs removal was very high during
all the period analysed with removal efficiencies between 89% and 95%, so no great variations were
found between months. MP concentrations in dry sludge samples ranged between 12 and 39 MPs/g,
which represented around 79% of the total MPs removed during the wastewater treatment processes.
It is noticeable that a trend between temperature and MPs entrapped in sewage sludge was observed,
i.e., higher temperatures entailed higher percentage of retention.

Keywords: microplastics; sludge; WWTP; removal efficiency; secondary treatment

1. Introduction

WWTPs are a major indirect source of MP emissions into the environment, due to the
daily discharge of large quantities of MPs, from agricultural, industrial or urban activities,
to the sewage system [1–3]. At the household level, this pollution mainly comes from
the use of products that containing MPs, namely cosmetic and personal care products,
and also fibres generated during laundry [4–6]. In addition, MPs can be originated from
the weathering and fragmentation of plastics due to disposal mismanagement or by the
wear and tear of plastic items [7–9]. These microplastics can enter to the sewage system by
surface runoff or stormwater, either because they are on the ground surface or deposited
from the atmosphere [10–12]; therefore, wastewater could contain a high number of MPs,
specifically, the MP concentration reported in WWTPs ranged between 0.28 and 3.14·104

particles/L [13]. Although WWTPs can frequently achieve removal efficiencies of MPs up
to 90%, this is insufficient because large quantities of microplastics are still being released
into rivers and oceans [13–15].

It has been reported that most MPs removed during the wastewater treatment are
accumulated in sludge [16]. So far, the reported ranges of MP concentration in wet and
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dry mixed sludge were 400–7000 and 1500–170,000 particles/kg, respectively [17–20].
Furthermore, the repeated application of sludge in agriculture as soil amendment is a
potential problem, as it favours the excessive and unavoidable accumulation of MPs in
the farmlands. It is estimated that the use of sludge as fertilizer releases in European
agricultural lands between 63,000 and 430,000 tons of MPs per year [21,22]. MPs not
removed from the wastewater during the treatment processes are finally released into the
aquatic environment; in particular, the abundance of MPs in the effluent of urban WWTPs
ranges between 0.01 and 297 particles/L [13]. MPs emitted to the environment become
a potential risk, not only to the ecosystems, but also to human health, since they can be
bioaccumulated through the trophic chain [23–26].

Several chemical, physical and biological processes take place in WWTPs to achieve
high-quality effluent water. Each treatment plant uses its own technologies depending on
different factors (the subsequent reuse of water, the characteristics of wastewater, the place
where the effluent is discharged, etc.) [3]. When the wastewater treatment includes dynamic
membranes (DMs) or membrane bioreactor (MBR), MP removals of 99% or even higher
have been reported [18,27–30]. The major drawback is the high cost of implementing and
maintaining these technologies. Surprisingly, there are some works that reported similar
removal efficiencies employing lower cost technologies, such as conventional activated
sludge (CAS) and sequencing batch reactor (SBR) [18,31]. In fact, removal efficiencies in the
range between 96–98% have been reported from WWTPs that used that kind of technolo-
gies. It is necessary to point out that most works have calculated the removal efficiencies
just by analysing a few samples, which can contribute to the dispersion of efficiencies.
Analysing the WWTPs performance for extended periods would be necessary to stablish
accurate conclusions. Therefore, in this work, the performance of wastewater treatment
processes was evaluated in a WWTP sited in Southwest Europe over a 12-month period.
The aim of the study is increasing the knowledge on the behaviour, fate and elimination of
microplastics in the different stages of treatment throughout the year. Furthermore, as far
as we know, it is the first study to analyse the effect of a double consecutive decantation
(secondary treatment), as well as the use of a lamellar settler in the tertiary treatment.

2. Materials and Methods

2.1. WWTP Characteristics

The WWTP is located in the Southwest of Spain, specifically in Caravaca de la Cruz
(Murcia). It was designed to treat an average daily flow of 8000 m3, serving 85,000 pop-
ulation equivalent (p.e.). Firstly, as can be seen in Figure 1, the raw water is pre-treated
by means of a screening system (pore size of 10 mm and 3 mm) and an aerated grit and
grease removal system. The secondary treatment consists of an anoxic tank with a capacity
of 950 m3 with two agitators, two carousel-type aeration tanks with a total volume of
19,000 m3 and two secondary decanters placed in series. Finally, the tertiary treatment
consists of coagulation-flocculation tank, lamellar decanter, rapid sand filter (RSF) and UV
disinfection system.

 

Figure 1. Scheme of WWTP analysed in this work (asterisks indicate sampling points).
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The sludge recovered from the secondary and tertiary treatment is mixed, thickened
by settling, and finally, dewatered by means of centrifugation, up to 78–86% moisture
content (w/w).

2.2. Sampling Points

To obtain representative and homogeneous samples, the water was collected in tur-
bulent areas to prevent the heavier MPs to sediment. Sampling points are indicated by
an asterisk in Figure 1, i.e., after the screening systems (influent), effluent from secondary
treatment, effluent from tertiary treatment and dehydrated sludge. To collect the water,
it was pumped through a sieve module assembled in a specific sampling device (Figure S1).
This device is made up of four mesh stainless steel filters (CISA Sieving Technologies) of
150 mm of diameter and the following slot sizes: 500, 250, 100 and 20 μm (placed from
the largest to the smallest one). Thus, MPs contained in the sampled water were classified
by size and retained in the corresponding sieve. The flow rate chosen for sampling was
10 L/min which was maintained during approximately 30 min (or until the solids clog the
sieves) at each collection point. MPs collected were dragged with distilled water and stored
under refrigeration until further processing. The volumes of wastewater sampled at each
sampling point each month are detailed in Table S1.

Dewatered sludge samples were also stored under refrigeration. In order to express
MP concentration on dry weight basis (w/w), a gravimetric method was used to determine
the moisture content of each sample of sludge by triplicate.

2.3. Pre-Treatment of Samples

Water samples were stored in an oven at 90 ◦C to dryness. After that, the organic
matter was degraded by treating the samples with Fenton’s reagent (20 mL of solution
of Fe(II) at pH 3 with 20 mL of H2O2 50%) at room temperature, during 30 min. Once
digested, samples were left at room temperature for 24 h to allow the residual hydrogen
peroxide to evaporate and, then, they were stored in an oven at 90 ◦C to dryness (10 h).
MPs were isolated from the remaining inorganic impurities by density using a solution of
ZnCl2 (d = 1.6 g/mL) (97% purity, VWR), so that supernatant was filtered under vacuum
using a glass microfiber filter (Whatman, diameter 47 mm, pore size of 0.7 μm).

Sludge samples (5 g) were oxidised during 24 h with 30 mL of hydrogen peroxide
(H2O2, 50%). This process was carried out twice. The rest of the procedure was the same as
that employed for water samples.

Distilled water and zinc chloride solution employed in the pre-treatment samples
were previously filtered using a glass microfiber filter (Whatman, diameter 47 mm, pore
size of 0.7 μm) to avoid MP contamination.

2.4. Microplastic Analysis

Filters with MPs were examined under a semiautomatic stereomicroscope (Leica
M205FA) with a high-resolution colour digital camera attached (Leica DFC310FX) to process
images with a maximum resolution of 1392 × 1040 pixels (1.4 Mpixels CCD). It is used for
the quantification of MPs and the analysis of colour and shape of microparticles [28,32–34].

To determine the chemical composition of microplastics, an FTIR spectrophotome-
ter coupled to a microscope with an imaging system (Varian 620-IR and Varian 670-IR)
with three detection systems is used [35]. Samples were analysed in the mid-infrared
of 4000–400 cm−1, a range in which the most typical bands of plastic materials are iden-
tified. The identification of functional groups and molecular composition of polymeric
surfaces was carried out using the list of absorption bands of sixteen polymers described
by Jung et al. (2018) [36].
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3. Results and Discussion

3.1. Occurrence and Evolution of MPs

Nowadays, most of the studies dealing with the occurrence of MPs in WWTPs have
been focused on wastewater and sludge samples collected over short periods, i.e., days or
weeks [16,32,37]. In this work, the occurrence and evolution of microplastics in a WWTP
have been examined, over a 12-month period (Figure 2). Figure 2a summarised the MP
concentration in the different sampling points in the WWTP analysed during the study.

Figure 2. (a) Microplastic concentration (MPs/L) in the WWTP at the four sampling points and overall
removal efficiency for one year (May 2020–April 2021), (b) rainfall (L/m2) and temperature (◦C)
recorded in Caravaca de la Cruz over the sampling period (Source: State Meteorological Agency [38]),
(c) Microplastic concentration in sludge expressed per dry weight (MPs/g) and percentages of MPs
retained in the sludge with respect to the MPs removed during the treatment in the WWTP during
the period studied.
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The WWTP receives in the influent, after screening systems, a mean concentration
of 16.1 ± 3.3 MPs/L. This value is in accordance with other studies reporting similar MP
concentrations in the influent of urban WWTP, for example, between 12–16 MPs/L in
China [39–41], 12.2 MPs/L in Thailand [42], 15.1 MPs/L in Sweden [43] and 15.7 MPs/L in
Scotland [44]. Nevertheless, it should be noted that other works reported MP concentration
in influent samples much higher [45] or slightly lower [46] than those found in this work.
This can be since the number of MPs in wastewater can be affected by different factors such
as population served, lifestyle, climate and seasonal conditions [47].

Considering Figure 2, it can be observed that during the warmest months, from April
to September, the MP concentration in influents is, in general, slightly higher compared to
the coldest, i.e., January to March. This is probably due to the higher evaporation of water
that concentrates microplastics in the aqueous stream. This is in agreement with previous
studies, carried out in Spain [10]. It may be due to the fragmentation of (micro)plastics by
greater solar irradiation and, to the increase of MP concentration by evaporation of water.
On the contrary, Ben-David et al. [48] studied a WWTP in a city located in the north of
Israel that reported higher values of MP concentration in the rainy winter season, which
was associated with a greater use of washing machines or a greater contribution from
land runoff. In this case, there is not any clear correlation between rainfall and the MP
concentrations found in influent.

After pre-treatment, the secondary treatment consists of a biological reactor together
with a double settling tank. So far, there is no literature data reported on the effect of
a double decanter for MP elimination. In general, secondary effluent shows a notable
decrease in MP concentration in comparison with those in influent (an average value of
1.90 ± 0.38 MPs/L), which means a removal efficiency (grit and grease removal + biological
treatment) higher than of 88%. Hidayaturrahman and Lee [49] analysed the influence of grit
and grease and secondary treatment in three WWTPs with MP removals between 75–93%.
Similar results were obtained by Ruan et al. [50], who found elimination efficiencies of 87%,
whereas Yang et al. [41], after secondary treatment, obtained a removal efficiency of 72%.

It is clear that WWTPs with tertiary treatments have been reported to be more efficient
in eliminating MPs than systems that present only a secondary treatment [51]. For example,
Magni et al. [19] found a removal efficiency of 64% after the secondary treatment and 84%
after the tertiary. In addition, Ziajahromi et al. [52] indicated that, after the secondary treat-
ment, the removal efficiency of MPs was 66%, whereas, after a tertiary treatment, was 87%.
Regarding the tertiary treatment applied in this WWTP, that consists of a coagulation-
flocculation, a lamellar settler, a RSF and an UV disinfection, the removal efficiency of MPs
of around 41% was achieved, which increased the overall removal efficiency until values of
around 93% and entails an emission of 1.13 MPs/L in the effluent. In those effluent samples,
during the warmest months (April to September) the MP concentration was higher com-
pared to the coldest ones (January to March) with ranges of 0.77–1.58 MPs/L (1.21 ± 0.31)
and 0.59–1.31 MPs/L (0.87 ± 0.38), respectively. These results are in accordance with those
reported by Jiang et al. [53].

Although coagulation-flocculation is a typical process found in drinking water treat-
ment plants (DWTPs) [54,55], it is also commonly employed in WWTPs. For example,
Hidayaturrahman and Lee [49] reported removal efficiencies of MPs between 50–82% by
means of a coagulation-flocculation process.

The effect of RSF in the MP elimination has been analysed in previous works with a
wide variety of results. For example, in a WWTP located in Finland, MPs were reduced
from 0.7 to 0.02 MPs/L, which means an efficiency of 97% [30]. In another study carried out
in two German WWTPs, the use of a sand filter achieved a noteworthy MP removal (above
99%) [56], whereas Magni et al. [19] described a MP elimination by a RSF of only 50%.

The overall MP removal efficiency of the WWTP analysed in this work was between
89% and 95%, with an average value of 92.9 ± 2.1% and it is remarkable that no noticeable
variation between months was detected, so rainfall and temperature does not seem to
affect MP elimination. The removal efficiencies found in the facility analysed in the present
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work were within the range reported in different European WWTPs (72–98%) [3,57–60].
A wide variation can be found depending on the treatment technology used and the
operating conditions in the WWTP [61], the origin and type of wastewater [20], as well
as the sampling and identification methods used in the process, population density and
regional development [40].

3.2. Characterization of MPs by Size, Shape and Colour

As explained before, the sampling procedure allowed the MP classification by size.
According to Figure 3, on average, in influent samples MP ≥ 500 μm only accounted around
30% of total MPs, whereas 56% and 80% represented MPs higher than 250 μm and 100 μm,
respectively. This indicates a major percentage of small MPs than usual in the influent since
most WWTPs it has been reported MPs abundance with a size greater than 500 μm above
70% [18,45,46,61–63]. The variations in the percentages of MPs found in each range of size
are noticeable thorough the treatment processes, i.e., the percentage of those MPs with a size
greater than 500 μm decreased from 30% in the influent to 24% in the secondary effluent.
At the same time, the percentage of the smallest particles (20–100 μm) increased from 20%
in the influent to 23% in the secondary effluent. It should be noted that, after pre-treatment
and secondary treatment, the MPs most easily eliminated were those larger than 500 μm
(57%) and those with a size between 250–500 μm (52%), as can be seen in Table S2. This
means that the grit and grease system and the secondary treatment removed the bigger
MPs with higher efficiency than the smaller ones. Important variations in the percentages
of the middle sizes were not detected and the sizes distribution in the final effluent is
similar to the secondary one. In the final effluent samples, the vast majority of MPs were
smaller than 500 μm, around 76%, whereas a quarter of the microplastics were smaller than
100 μm (Table S2). These results agree with other previous studies, which reported that
most of the MPs in the final effluent were smaller than 500 μm. However, the percentage of
MPs smaller than 100 μm in the effluents is usually over 60%, percentage higher than those
found in this work [19,31,33,34,52,64–67]. Table S2 shows that, after tertiary treatment,
the most easily eliminated MPs were, both, those larger than 500 μm and those with a
size between 100–250 μm (approximately 30%). In addition, considering the temperature,
it can be observed that in the warmest months (May–September) the MPs with a size
higher of 250 μm presented abundances of 60–70%, while during those months with lower
temperature (November, February–April), it is observed that the MPs with sizes less than
250 μm presented abundances of 60%. It has been reported that MP degradation are deter-
mined by the combined effect of different parameters, including temperature. Specifically,
Ariza-Tarazona et al. [68] concluded that photolysis combined to low temperatures leads
to plastic brittleness, which is in accordance with results commented above, since the
coldest months showed a greater proportion of MPs smaller than 250 μm. Finally, it can be
observed that the overall microplastic removal efficiency was higher in MPs larger than
500 μm (70%) compared to the rest of the sizes.

The morphological characteristics of MPs found in wastewater samples can be classi-
fied into five different types: fragments, fibres, microspheres or pellets, films and foams,
as can be observed in Figure 4. Fragments exhibit irregular and opaque shapes, whereas
fibres show a high length-width ratio. Pellets have spherical form, foams are fluffy particles
and, finally, films have a relatively flat surface.
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Figure 3. Size variation of microplastics in influent, secondary effluent, and final effluent samples
during the period studied.
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Figure 4. Examples of some microplastic particles found in this work and classified by shape and
colour. (1): Green and yellow fibres, (2,3): Yellow and transparent fragments, (4): Grey film, (5): Black
pellet, (6): Transparent foam.

Figure 5 shows the percentages of MP classified by shape found in the different points
of sampling: influent, secondary effluent and final effluent. It can be observed that, in all
samples, fibres and fragments constitute practically the totality of MPs (above 98%). According
to the literature, fibres and fragments are the most predominant particle found in wastewater
with a mean percentage of 56% and 34%, respectively [18,41,52,57,69–71]. Previous studies
reported that fragments are the vast majority MPs [17,34,72,73], in concordance with the results
obtained in this case study. Following the evolution of MPs through the wastewater
treatment process (Figure 5), in influent samples the concentration of fragments and fibres
ranged between 44.8–77.6% (with an average value of 64.9 ± 9.5%) and 20.0–55.2% (with an
average value of 34.2 ± 10.2%), respectively. These percentages remained constant after the
secondary treatment. However, in the final effluent samples, the concentration of fragments
and fibres ranged between 46.1–81.4% and 18.6–61.0%, respectively, which shows a certain
decrease in the abundance of fragments (with an average value of 57.3 ± 10.9%) and an
increase in the percentage of fibres (with an average value of 40.3 ± 10.8%). This means
that the tertiary treatment allowed a better removal of fragments (38%) than fibres (24%),
as can be seen in Table S2. It has been reported that the high length-width ratio allows
fibres to remain in water masses for more time than particles with other morphologies [2].
In addition, the overall removal efficiency shows a better elimination of fragments in
comparison with fibres (67% vs. 56%). Finally, it is noteworthy that films, pellets and foams
only account for 1–2%.

Respect to the MPs colour, white and black microparticles were the most common
MPs at every sampling point, which means 81% of total MPs. The remaining percentage
corresponds to red, blue, green, yellow and purple. This is agreement with previous studies
that analyse MPs in WWTPs where higher abundances of white and black MPs were also
detected [40,48,74].
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Figure 5. Shape variation of microplastics in influent, secondary effluent and final effluent samples
during the period studied.

3.3. Chemical Composition of MPs

The chemical composition is a relevant characteristic that determines the MP density
and therefore, directly influences over the removal efficiency. Over 30 kinds of polymers
have been described in wastewater samples of different WWTPs [51]. In this study PE,
PP, PS, PA, PET and polyvinyl chloride (PVC) were detected in the wastewater samples
(Figure 6). In the influent, on average, PP is the polymer most frequently detected with an
abundance of 24.9 ± 5.5% (ranges between 15.8–37.4%), followed by PET with 23.2 ± 2.9%
(27.8–18.1%), PE with 17.3 ± 4.2% (13.0–26.0%), PS with 14.5 ± 2.7% (10.4–17.3%), PA with
3.9 ± 3.4% (9.3–22.4%) and PVC with 6.2 ± 3.1% (1.5–10.7%). Different studies reported that
most frequent polymers in urban wastewaters are PS (20–90%), PE (5–60%), PP (2–40%),
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PET (3–38%), PA (2–35%) [2,3,75] and PVC in low abundances [61]. These data are in
agreement with those found here, excepting for PS that was detected in percentages lower
than values described in previous works. These variations in the abundance of different
type of polymers in the influent are determined by the origin of wastewater that arrives
to the WWTP (urban, industrial, agricultural) [74]. As the wastewater stream progresses
through the different stages of WWTP, polymers less dense than wastewater, such as PP and
PE, increased their proportion, being in the final effluent in percentages around 47.4 ± 3.6%
and 29.6 ± 5.0%, respectively. On the contrary, polymers denser than wastewater, such as
PS, PA, PET and PVC, decreased in abundance during the treatment processes due to their
facility of settling, so they represented in the final effluent around 21%, whereas in the
influent their proportion was notably higher (58%). An example of the FTIR spectra for
each polymer are shown in Figure S2.

Figure 6. Composition variation of microplastics in influent, secondary effluent and final effluent
samples during the period studied.
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In addition, it has been analysed the relation between the chemical composition and
the shape and colour of MPs during the different treatments in WWTP. Linking chemical
composition with colour (Table S3), it is noticeable that, more than 90% of PVC microparti-
cles were purple and yellow. Linking chemical composition with shape (Table S4), in the
influent samples it has been found that PVC, PP, PET and PE have percentages of fragments
of 98%, 77%, 74% and 67%, respectively. Moreover, 90% of the particles that corresponded
to PA were fibres. Foams, pellets and films did not represent an abundance higher than
10% for any polymer.

3.4. Microplastics Entrapped in Sewage Sludge

It has been found that during the warmest months (May-September) the MP con-
centrations in dry sludge (28–39 MPs/g) were higher than those detected the rest of the
months (12–22 MPs/g) (Figure 2c). These values are expressed by dry weight considering
the sludge moisture of the different samples analysed (78–86% w/w). In the sludge samples
there was a mean concentration of 24.0 ± 8.6 MPs/g dry sludge, value similar to those
reported in literature for urban WWTPs [31,64,67,70,72]. According to Figure 2c, it can be
observed that MP percentage retained in sludge varies between 47% and 100% with a mean
value of 79%. These percentages are in agreement with those reported by different authors
(8–92%) [16,28,32,76]. The removal of MPs in previous stages, i.e., during pre-treatment
processes, can achieve notable values of elimination, for example, Murphy et al. [44] found
that 45% of MPs that arrive at WWTP can be removed in grit and grease system. These
percentages have been calculated based on the number of microplastics detected in the
influent and the final effluent of the WWTP taking into account the daily flow (Table S5)
in each sampling point. In addition, a trend between temperature and MPs retained in
sewage sludge was observed, i.e., temperatures seem to favour the entrapping of MPs.

Physical and chemical properties of MPs retained in sludge samples were also analysed
and results are summarised in Figure 7. Most MPs found in sludge are fragments and fibres
(57 ± 18% and 33 ± 11%, respectively). Foams represent the 9%, but it should be noted that
this specific shape was only detected in three samples (September, October and November)
with percentages of 2%, 26% and 81%, respectively. The majority of the published works
reported a higher abundance of fibres than fragments, with higher percentages than those
found here (50–84%) [16,17,28,33,40,44,70,72,76]. However, it is remarkable that other
works are in accordance with the results obtained in this case study, i.e., reported a higher
proportion of fragments with respect to fibres [19,34,77].

As can be seen in Figure 7, no notable differences in abundance of MPs regarding
chemical composition were found. The most predominant polymers in sludge samples were
PET (36 ± 4%), followed by PS (25 ± 4%), PA (20 ± 4%) and PVC (9 ± 3%), in accordance
with other studies, i.e., Kazour et al. [72] reported relative abundances of PS (25%), PET
(20%), PA (10%) and PVC (5%) of the same order of magnitude than those found here.
This agrees with the fact that the abundances of these polymers decreased throughout
the wastewater treatment processes, as above commented. The high density of these
polymers favours their sedimentation, being more easily entrapped in sludge. Regarding
colour, around 82% of MPs found in sludge were white and black, as occurred in the
wastewater samples.
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Figure 7. Abundance of microplastics in sludge samples according to (a) the shape and (b) chemical
composition.

3.5. Release of MPs to the Environment

Several studies reported the environmental incidence of MPs emitted to the environ-
ment by WWTPs. As far as we know, until now, there have been seven works published
that analysed the incidence of MPs in Spanish WWTPs [10,17,45,66,78–80]. The values
found in the present work (average values of 16.1 ± 3.3 MPs/L and 1.1 ± 0.3 MPs/L in
influent and effluent, respectively) were within the ranges reported by the previous works
(between 2.7 MPs/L and 645 MPs/L in influent and 0.31 MPs/L and 16 MPs/L in effluent).

Considering the MP concentration detected in the influents (between 11.4 and 23.8 MPs/L)
and the volume of wastewater that arrives at the WWTP (an average value between
4089 m3/day and 5570 m3/day) (Table S5), it can be estimated that between 5.57·107 and
1.27·108 microplastics enter into the facility each day. Since the removal efficiency of the
studied facility is 92.9 ± 2.1%, approximately between 2.50·106 and 6.98·106 microplastics
per day are emitted to the environment. For example, Edo et al. (2020) [17], who analysed a
WWTP five times larger than that studied here, estimated that around 3·108 microplastics
per day are release into the Henares River (Madrid), even though the WWTP reduce the
MP concentration by 93%. This highlights the importance of WWTPs as source of MPs
released into the environment.

In dry sludge samples, an average value of 24.0 ± 8.6 MPs/g is found, value lower
than those values reported by other authors that analysed sewage sludge samples in
the same country (Spain) (between 50 and 165 MPs/g) [17,22,78]. Considering that the
MP concentration detected in the sludge (between 12.0 and 39.4 MPs per gram of dry
sludge) and the kg of sludge generated in the WWTP (values between 1764 kg and 3976 kg)
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(Table S6), it can be estimated that around between and 4.23·107 and 9.54·107 microplastics
are entrapped in sludge. Thus, the subsequent management of the sludge is a determinant
step to avoid the release of these MPs to the environment.

4. Conclusions

In this work the annual occurrence and fate of microplastics have been evaluated in a
WWTP site in Southwest Europe employed as a case study. Results showed that this WWTP
has a high removal efficiency (89–95%) all along the period studied, reducing considerably
the number of MPs in treated water in comparison to influent values. Specifically, most
microplastics (88%) were eliminated in the secondary treatment stage, being entrapped
into the sludge. It was also found that the concentration of MPs in the influent was slightly
higher during the warmer months (April–September) (17.1–23.8 MPs/L) compared to the
colder ones (October–March) (11.4–15.6 MPs/L). MPs more easily eliminated from the
wastewater samples were those with sizes greater than 500 μm and fragments and fibres
were the shapes most frequently detected in wastewater and sludge samples. In addition,
it was found that PP and PE were the commonest polymers in wastewater samples, whereas
in sludge samples the majority were PET, PS and PA, which is due to the fact that denser
polymers tend to settle more easily during the treatment processes. Furthermore, the tem-
perature seems to favour the retention of MP in sludge. Future works should be focus on
improving the removal of MPs from wastewater and, especially, from sewage sludge in
order to reduce the release of these MPs to the environment.
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DM Dynamic membranes
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MP Microplastic
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PP Polypropylene
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PVC Polyvinyl chloride
RSF Rapid sand filtration
SBR Sequencing batch reactor
WWTP Wastewater treatment plant
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Abstract: Faecal sludge management (FSM) in most developing countries is still insufficient. San-
itation challenges within the sub-Saharan region have led to recurring epidemics of water- and
sanitation-related diseases. The use of pit latrines has been recognised as an option for on-site
sanitation purposes. However, there is also concern that pit latrine leachates may cause harm to
human and ecological health. Integrated approaches for improved access to water and sanitation
through proper faecal sludge management are needed to address these issues. Biochar a carbon-rich
adsorbent produced from any organic biomass when integrated with soil can potentially reduce
contamination. The incorporation of biochar in FSM studies has numerous benefits in the control
of prospective contaminants (i.e., heavy metals and inorganic and organic pollutants). This review
paper evaluated the potential use of biochar in FSM. It was shown from the reviewed articles that
biochar is a viable option for faecal sludge management because of its ability to bind contaminants.
Challenges and possible sustainable ways to incorporate biochar in pit latrine sludge management
were also illustrated. Biochar use as a low-cost adsorbent in wastewater contaminant mitigation can
improve the quality of water resources. Biochar-amended sludge can also be repurposed as a useful
economical by-product.

Keywords: biochar; contaminants; pit latrines; sludge management; sustainable soil conditioner;
water quality

1. Introduction

Faecal sludge management (FSM) in most developing countries of the sub-Saharan
region is ineffective and insufficient, which causes a deepening of sanitation problems [1–4].
Improper pit emptying and sludge disposal have been attributed to factors such as short-
ages in suitable sanitation, poor drainage systems, and high groundwater fluctuations [1,5].
Further, sludge management is impacted by high transport and disposal costs in landfills.
The permanent airspace disposals can also lead to human and environmental impacts [6].
Previous and recent latrine building projects have focused on constructing latrines without
considering the emptying process and sludge management strategies [2].

Sanitation challenges within sub-Saharan Africa have led to recurring epidemics of
sanitation-related diseases, including soil-transmitted helminth infections [7]. Outbreaks
can occur periodically where water supplies and sanitation provisions are inadequate, most
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frequently in the developing world [3,4,8,9]. Between 1970 and 2011, African countries
reported over 3 million suspected cholera cases, representing 46% of all cases reported
globally [8]. Sub-Saharan Africa accounted for 86% of reported cases and 99% of deaths
worldwide in 2011 [9–11]. Statistics of this nature are alarming and need urgent redress.
While the reasons for these conditions are complex, part of the problem is the difficulty in
accessing clean water and safe potable water, lack of sanitation, and the high costs involved.
Pollution problems from pit latrines depend on climatic conditions, geological formations
and soilscapes on the rate of soil contaminants migration. These factors lead to a need for
scientific assessment of sludge management and pollution challenges. This can ensure that
these sanitations are properly sited, designed, installed, monitored, and maintained [3,12].
Although the use of pit latrines as compared to open defecation can be beneficial, there are
still concerns that they may cause dreadful human and ecological health impacts. This is
associated with microbiological and chemical contamination of drinking water supplies
through leaching into groundwater and surface water [11].

Integrated approaches for access and improvement of sanitation and water are needed
to address these issues to curb the potential danger to public health and the environment.
Creating simple and sustainable solutions for managing human excreta plays a direct
role in slowing down the rate of environmental damage. This can be done by seeking
alternative means that aim at reducing environmental pollution by faecal sludge, while not
further depleting severely limited freshwater resources. Incorporation of soil a conditioner
such as biochar has a high impact on the reduction in contaminant leaching [13–17].

Biochar is a high carbon-rich adsorbent produced from any organic biomass at high
temperatures in conditions with limited oxygen [18]. Many studies to date have mostly
focused on the potential of biochar to improve soil fertility for agricultural uses [19–21].
There are, however, numerous prospective benefits of integrating biochar in FSM studies.
Such merits include: micro-organic mitigations [22]; reducing malodour [23]; contaminant
barrier (bacteria and heavy metals) [15,24,25]; reduction in nitrogen [26], and carbon
dioxide losses [27].

A gap in knowledge regarding the use of biochar to reduce the environmental threat
of faecal sludge still exists. In the recent past, the potential of biochar to reduce leaching
has been recognized, and several studies have been conducted on organic and inorganic
pollution restriction by biochar. This review aimed to evaluate the potential of biochar
in FSM through literature, which focused on biochar, sanitation, and faecal sludge stud-
ies. This review merits attention, because it explores alternative means for faecal sludge
management, which can also be implemented in developing countries such as Mozam-
bique, South Africa, and Zambia to minimize seepage of pit latrine waters and provide a
sustainable soil conditioner for crop production.

2. On-Site Sanitation Systems

On-site sanitation is characterized by treatment and disposal of human waste, which is
not removed to an off-site sanitation system [28,29]. Such sanitation facilities store wastes at
the site of disposal, which decompose in situ [30]. These systems have two main categories;
the wet latrines, which use water for flushing, and the dry latrines, which function without
water sources. The different types of on-site sanitation systems [28,30,31] are pit latrines,
ventilated improved pit latrines (VIPs), urine diversion (UD) toilets (Figure 1), ecological
sanitation (EcoSan) latrines, Fossa Alterna, anaerobic biogas reactors, and septic tanks.
A common pit latrine is composed of a simple top structure constructed over a pit and
collects waste [32]. Improved pit latrines are a simple and low-cost type of sanitation
system [13].
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(a) 

 
(b) 

Figure 1. (a) Examples of on-site sanitation designs [30]; (b) typical structure for a VIP toilet system
in South Africa [31] reproduced from the reference, copyright 2001, CC-BY-4.0.
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2.1. Contamination Risks of Pit Latrines

On-site sanitation systems often represent a significant contamination threat towards
groundwater associated with faecal matter accumulations, which can result in leaching of
contaminants into the subsurface aquifer. Leachates in pits can lead to both microbiological
and chemical contamination. In a pit latrine, the liquid fraction of waste that infiltrates into
the soil is referred to as the hydraulic load [33]. Since pit latrines are usually not sealed [30],
higher hydraulic loads can exceed natural attenuation potential in the sub-surface layers
and cause direct contamination of groundwater sources. Designs of most pit latrines allow
the liquid waste to infiltrate into the soil. Such wastes often contain micro-organisms and
high nitrogen concentrations [30]. The hydrogeology in unlined pit latrines is extremely
permeable, especially in coarser materials and fractured substratum. Such conditions
promote rapid drainage in most natural soils [34]. Such designs of pit latrines allow for
groundwater and surface water movements, which cause them to fill up rapidly [1,2]. Soil
effluent infiltration rates of different soils not amended with carbon-based adsorbents such
as biochar are shown in Table 1.

Table 1. Infiltration capacity of different soil types [33,35].

Type of Soil Infiltration Capacity Settled Sewage (L per m2 per Day)

Coarse or medium sand 50
Fine sand, loamy sand 33

Sandy loam, loam 25
Porous silty clay and porous clay loam 20

Compact silty loam, compact silty clay, loam
and non-expansive clay 10

Expansive clay <10

Pour-flush latrines have a much greater hydraulic load as compared to dry latrines;
thus they have a higher contamination capacity [35]. Pit latrines normally are deeper
than other on-site sanitations and tend to rely on infiltration of leachate through the
surrounding soil [30]. Pit latrines pose a contamination risk to water sources such as wells
nearby. Therefore, wells need to be well covered. Kiptum and Ndambuki [36] found a
strong correlation between the types of well cover, with the one made of concrete being
better than the one made of timber. Concrete covers guard the well against surface runoff
and windblown substances and help to exclude spilled water.

2.2. On-Site Sanitation Waste Components and Health Risks

Human excreta are composed of several chemicals (Table 2) and pathogens (Table 3)
species posing threats to human health and the natural environment. Nitrates and phos-
phates are a major concern. Higher concentrations of nitrates (>45 mg/L) in drinking
water sources are harmful to humans [37–39]. One of the effects of human beings ingesting
water with high concentrations of nitrates is methemoglobinemia or infantile cyanosis,
i.e., “blue baby syndrome” in infants and oesophageal cancer in adults [40]. The probable
long-term effects of nitrate pollutants should be included in the planning phase of sanita-
tion programmes, as remedial action is challenging, and blending with low nitrate waters
may be the only viable option [41]. High loading of phosphates in water sources results
in eutrophication problems, having an impact on human well-being, social interaction,
economic activities, and the natural environment [42].

The majority of studies that assessed microbiological quality of groundwater in rela-
tion to pit latrines used faecal indicator bacteria, i.e., total coliforms, faecal coliforms, and
E. coli [8,43]. Bacterial pathogens cause some of the best known and most feared infectious
diseases, such as cholera, typhoid, and dysentery, which still cause massive outbreaks of
diarrhoeal disease and contribute to ongoing infections [44]. Their control in drinking
water remains critical in all countries worldwide [43].
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Table 2. Human waste composition [42,45,46].

Compound Faeces (% Dry Weight) Urine (% Weight)

Organic matter 88–97 65–85
Carbon (C) 44–55 11–17

Nitrogen (N) 5.0–7.0 15–19
Phosphorous (P2O5) 3.5–4.0 2.5–5.0

Potassium (K2O) 1.0–2.5 3.0–4.5
Calcium (CaO) 4.5 4.5–6.0

Dry solids/person/day (g) 30–70 50–70

Table 3. Common bacteria and viruses found in human excreta as pathogenic contaminants [33].

Pathogen Illness Present in (Faeces/Urine)

Escherichia coli, Faecal coliforms Diarrhoea Both
Leptospira interrogans Leptospirosis Urine

Salmonella typhi Typhoid Both
Shigella spp. Shigellosis Faeces

Vibrio cholerae Cholera Faeces
Poliovirus Poliomyelitis Faeces

Rotaviruses Enteritis Faeces

2.3. Heavy Metal Composition of Faecal Sludge

The disposal of heavy metals remains as a major concern globally to water sources
contamination [47]. Heavy metals in faecal effluent originate from natural and anthro-
pogenic sources [48]. A substantial quantity of the anthropogenic releases of heavy metals
accumulates in surface and groundwater ecosystems [49]. Industrial water treatment plant
(IWTP) sludge has higher concentration of heavy metals as compared to other sources
such as water treatment plants (WTP) and wastewater treatment plants (WWTP). Thus,
they are mostly not recommended for soil amendment and ecological purposes [50,51].
Several industrial sectors contribute heavy metals to the environment through sludge dis-
posals. Some of these sources include plants such as galvanic processes, dye productions,
steel pickling, electroplating industry, and the recycling of lead batteries, among many
others [50]. Heavy metals concentration in pit latrines is lower than reported in wastewater
sludge [52]. However, heavy metal elements are one of the main persistent contaminants
of pit latrine leaching or municipal wastewater [48,53]. The persistence of heavy metals in
effluent is caused by their non-biodegradable and harmful nature [54]. Metals are mobi-
lized and transported into the food web because of the leaching process from waste dumps,
polluted soils, and water [55]. The most common toxic heavy metals in wastewater and
sewage sludge include arsenic (As), lead (Pb), mercury (Hg), cadmium (Ca), chromium
(Cr), copper (Cu), nickel (Ni), silver (Ag), and zinc (Zn) [48,53,56–59]. There is increasing
evidence linking Hg, Pb, As, and Cd toxicants to the incidence of cognitive impairments
and cancers in children [60]. Additionally, high concentrations of arsenic and other heavy
metals can affect the nervous system and kidneys and may cause reproductive disorders,
skin lesions, endocrinal damage, and vascular diseases [8,37].

2.4. Treatment of Faecal Sludge

In some developing countries still relying on pit latrines, filled up latrines are either
closed or emptied and the sludge disposed off-site as waste [17]. Sludge can also be utilized
as a soil ameliorant, for improving the soil status [61]. However, land application of sludge
can also promote the pollution of water and soil by heavy metals [62]. Prior to sludge
applications, conventional treatments are carried out [62], but that is not normally the case
in most developing countries. The removal of heavy metal pollutants can be achieved
through these conventional techniques to treat wastewater streams, including reduction
or precipitation via chemical means, ion exchange, electro-chemical methods, and reverse
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osmosis. Nonetheless, such processes can be inadequate, especially for solutions with
1 to 100 (mg/L) of metal concentrations [63]. Other methods have also been successfully
used for heavy metal removals, microbial remediation, and phytoremediation: cortex
fruit wastes, including banana, kiwi, and tangerine peels [55]; activated carbon, peanut
husk charcoal, fly ash, and natural zeolite [47]; composting and immobilization using
biochar [64]. Such processes are cost effective, with non-hazardous end products [65].
The effective elimination of heavy metals from wastewater relies on several aspects, such
as sludge concentration, the solubility of metal ions, pH, the metallic species and its
concentration, and wastewater contamination load [63,66].

3. Biochar Adsorbents

Biochar is a material that has only recently been studied as an environmental amend-
ment [16,67,68]. The use of biochar in pit latrine sludge treatment in most developing
countries is still limited. This is primarily due to a lack of awareness in communities
relying on pit latrines on contaminant immobilization potential of biochar [17,29]. Biochar
applications historically predate several years in the Brazilian region, which led to develop-
ment of “Terra Preta de Indio” soils [69]. Biochar has long been used to date archaeological
deposits due to its persistence in the environment [70]. Within the past decade, biochar has
been evaluated as a potential alternative to nutrient releases and leaching reduction from
the soil [16]. However, the standard application rate of biochar for specific soils and crop
combination to obtain the maximum positive results is not available yet [71].

Biochar is the by-product of any type of biomass that has undergone pyrolysis (see
example in Figure 2) [20,72]. Pyrolysis is a process that changes biomass to a carbon-rich-
by-product as a result of the thermal degradation of organic materials by heating it to high
temperatures in the absence of oxygen [70,73]. The pyrolysis process can be subdivided
into separate categories: gasification (>800 ◦C), fast pyrolysis (~500 ◦C), and slow pyrolysis
(450–650 ◦C) [74]. Slow pyrolysis is the best optimum pyrolysis process for the production
of biochar [75,76]. The removal of volatile substances and the creation of crystalline carbons
via condensations in biochar due to the increase in temperature from 400–500 ◦C enhance
the adsorption abilities by generation of more pores [77,78]. Biochar is distinguishable
from charcoal because of its usage as a soil amendment [21,79]. Responses of biochar
are specific to the soil and climate within an area, biomass material, preparation method,
and conditions [80,81]. Laird et al. [19] demonstrated that biochar carbon contents can
range from <1% to >80% because of different biomass materials and pyrolysis conditions.
Applied biochar in soils cannot be removed, so its use on a large scale has potential negative
impacts on occupational health, environmental pollution, water quality, and food safety
that need to be assessed [76].
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Figure 2. Scanning electron microscopy (SEM) pictures of pine sawdust biochar [72]. Reprinted from
the reference with the permission, © 2021 John Wiley and Sons, Inc.

The char produced via pyrolysis is only known as biochar due to its amendment
use in environmental management and production benefits to soil [18,73]. Bio-adsorbents
similar to biochar are low cost with a high adsorption efficiency, as they require limited
maintenance in wastewater contaminant treatments compared to other conventional meth-
ods [74–76]. The commercial worth of bio-adsorbents is low, and they are also accessible
in abundance [76]. Affordability of an adsorbent can be increased, as they are stable and
recyclable; hence, there is a high capacity for treatment of larger volumes of water contami-
nants over time [77]. Biochar’s removal efficiencies for contaminants can be comparable to
other commercial activated carbons because of improvements in cost-effective engineered
biochar [78]. Biochar is also cheaper than other bio-adsorbents such as activated carbon,
as it requires less production energy [74]. In addition to biochar’s usage as a soil amend-
ment, it is also used for carbon sequestration, mitigation of climate change, as a source of
bio-energy, and waste management [18,70]. The high fraction of aromatic arrangements
and high fraction of recalcitrant carbon (C) in biochar causes its resistance to chemical and
biological degradation [82]. Biochar can persist in the soil for hundreds to thousands of
years [70,83,84].

3.1. Properties of Biochar

Biochar characteristics such as the chemical composition, surface chemistry, parti-
cle and pore size distribution, and physical and chemical stabilization mechanisms in
soils determine its effects on soil functions and faecal contaminants control [21]. Studies
into biochar have demonstrated potentials for its use in increasing nutrient [19,70,85–88]
and water retention [89–93] in soils, filtering heavy metals [94,95], reducing transport of
microbes [14,15,22], increasing C sequestration [96–98], infiltration, soil aeration, root de-
velopment, soil density, cation exchange capacity (CEC), and pH value [99–102]. The direct
influence on soil structure, distribution of pore size, and density of the soil improves water
holding capacity, aeration, and permeability [91,103,104].

Long-term properties including the stabilization of organic matter, slower release of
nutrients from organic matter, and increased retention of cations have a huge impact to
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reducing the contamination of water resources [104,105]. Adsorption mechanisms studies
showed that various types of interactions such as chemical bonding, chemical interaction,
(complexation and/or precipitation), physical adsorption, ion exchange, and electrostatic
attraction are largely responsible for binding faecal wastewater contaminants [22,94,95].
Physical sorption of metallic contaminants occurs on the surface area and pore volumes of
biochar due to the high affinity of adsorption retained within the pores [74,106]. Most posi-
tively charged contaminants are sorbed through electrostatic attractions, ligands specificity,
and several functional groups (e.g., hydroxyl, Alternariol-AOH, carboxylate, ACOOH) on
biochar because of their negatively charged surfaces [107]. The effect can also promote
surface complexities and precipitation of these contaminates to their physical mineral
phases, which immobilizes them [108]. Physical or surface sorption also happens by diffu-
sional movement of organic and inorganic elements into sorbent pores [74]. Contaminant
sorption also occurs through the exchange of ionizable cations or protons and chemical
bonding on the biochar surface with those species in solution. Furthermore, biochar’s high
pH influences adsorption, because it affects charges on the surface, levels of ionization, and
speciation of the adsorbent [74,108]. These characteristics of biochar make it a viable soil
and water quality amendment in studies associated with on-site sanitation systems and
agricultural sludge usage. However, the effect of the ageing process on biochar properties
has not been studied in detail; for example, adsorption capacities of biochar change with
time [71].

3.2. Biochar Usage in Faecal Sludge Management
3.2.1. Nutrient Retention

Retention of soil nutrients has a direct effect to minimize risks of runoff and subsurface
contamination of water bodies, highly reducing eutrophication and losses of nutrients [16].
Biochar can be a sustainable solution to latrine soil-bed nutrient leaching, consequently
decreasing the nutrient concentrations in runoff and groundwater sources [16]. An increase
in the CEC of a soil results in improved nutrient sorption on the colloids of biochar [19,20].
Biochar in soils also have the potential to largely decrease nitrogen losses and carbon
dioxide releases [25]. Laird et al. [19] demonstrated an increase in N, organic C, P, K, Mg,
and Ca in fine-loamy soil treated with hardwood biochar. A sorghum produced biochar
also improved organic C and minimized greater losses of N, P, and K in overflow when
combined with the soil [89]. Dissolved NO3-N and PO4-P decreased in wastewater bodies
treated with a waste wood biochar-treated soil column [25] and also in soil mixed with an
agricultural char (pecan, walnut, and coconut shells and rice hulls) [91]. Other than NO3-N
and PO4-P, Beck et al. [92] observed a decrease in total N, total P, and total organic C. It
has been seen that an increase in the application rates of biochar can also cause an increase
in the nutrient holding capacity of the soil [20,90]. In their study, Huggins et al. [109]
illustrated the efficiency of biochar to retain NH4

+ and PO4
3− from faecal wastewater

(Table 4).

Table 4. Wastewater treatment and the retention ability of biochar [109].

Nutrient in Wastewater Biochar Retention

NH4
+ removal rate (g/m3/d) 5.4 ± 0.51
NH4

+ removal (%) 90% ± 4%
PO4

3− removal rate (g/m3/d) 3.8 ± 0.01
PO4

3− removal 87% ± 2%

3.2.2. Heavy Metal Immobilization

Biochar can also act as a barrier to prevent heavy metals from percolating into ground-
water aquifers and surface water resources [15,24,25]. Biochar has a high ability of filtering
of heavy metals in contaminated soil and faecal sludge due to the potential of adsorbing
metals on its surface [16]. Sequestration of Pb, Cd, Cu, and Ni has been reported from
cottonseed hull biochar because of functional groups on the biochar surfaces [24]. As pH,

42



Appl. Sci. 2021, 11, 11772

volatile matter, O:C, and N:C ratios in the biochar increase, biochar’s capacity to adsorb
heavy metals also increases [16,24]. In a study using poultry litter biochar and green waste
biochar, it was found that Cd and Pb elements in soil water decreased [94]. Conversely, Cu
increased in the soil water because of more mobility through increased dissolved organic
C [94]. Other studies observed no effect on Cu when the soil was mixed with a hardwood
biochar produced at 750 ◦C [20]. Decreases in Cd, Cr, Cu, Pb, Ni, and Zn in excess fae-
cal effluent leachates from a soil column amended with a wood-based biochar were also
found [25]. Cu, Cd, and Pb were removed from aqueous solution after amending the soil
with bamboo, sugarcane, hickory, and peanut hull biochars, with the bamboo biochar being
most effective [62]. The high adsorption of heavy metals in the study by Zhou et al. [62]
was associated with pH increases in the solution. An increase in Cu and Zn removal as
pH increased has also been seen using hardwood and corn straw biochar produced at
temperatures of 450 ◦C and 600 ◦C [110]. These findings are similar to Krueger et al. [111],
showing the immobilization occurring when faecal sludge is treated with biochar (Figure 3).
The long-term impacts of biochar on heavy metal elements sorption are limited and require
more research due to the recalcitrance of biochar [16].

Figure 3. Mobility of heavy metals in faecal sludge (FS) and their derived biochars (BC); sludge
sourced from Narsapur (N-FS) and Warangal (W-FS) Faecal Sludge Treatment Plants [111]. Reprinted
from the reference with the permission, © 2019 Krueger et al., CC-BY-4.0.

3.2.3. Microbial Transport

The detection of E. coli and faecal coliforms (>1 CFU/100 mL) in soil and water
resources above the guideline threshold [37–39] have a high risk on human health [16].
Presence of these bacteria indicates recent pollution from a faecal source such as pit latrine
sanitations [13]. Bacteria can be infiltrated through the soil towards groundwater or
move through overflow across the surface [16]. This threat to public health has urged
investigation into microbial migration in soils, for which biochar amendments may be a
solution [14,15].

When amended with soil, biochar can raise soil pH, which is essential for the mit-
igation of micro-organic pathogens such as E. coli and faecal coliform bacteria [22]. An
increase in the organic matter, pH, conductivity, and dissolved organic C in a sandy soil
using poultry manure biochar resulted in decreased soil E. coli and faecal coliforms migra-
tion [13]. Individually, these soil properties have been related to bacterial transport through
soil [112–114]. Bolster and Abit [14] also demonstrated that biochar application rate, pyroly-
sis temperature, and E. coli surface properties largely contribute to the likely soil migrations.
The higher temperature biochar (700 ◦C) exhibited a larger decrease in pathogen transport,
possibly owing to the reduced negative surface charge of high-temperature biochars. The
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improved surface area of high-temperature biochars provides a higher adhesion of E. coli
cells [15]. Biochar can also assist in dehydrating excreta because of its high water holding
capacity, reducing malodour by adsorption [23] and thereby helping to keep insects such
as flies away.

Biomass type used for biochar pyrolysis also plays a role in the transportation of soil
E. coli, and faecal coliforms [16]. Comparison between poultry litter and pine chip biochars
indicated that the internal pore structure of the woody biochar retained or adsorbed more
bacteria [15]. Additionally, soils with higher clay contents have fewer detachments because
of the electrostatic attraction force of the negatively charged microbes and the positive clay
functional groups [15]. The influence of biochar on microbial movement through soil relies
on biomass material, temperature, and soil texture [16]. Results from literature on the effect
of biochar use in faecal sludge and contaminant reduction are presented in Table 5.
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4. Challenges, Sustainability, and Potential in Application of Biochar in
Sludge Management

The most common challenge within communities using pit latrines is the ethical norm
on the acceptance to repurpose biochar-treated faecal sludge for crop production [17]. Even
though the biochar-treated sludge by-product can have acceptable threshold levels for
most heavy metals and inorganic and organic contaminants, societies and communities in
most developing countries treat human sludge as undesirable waste. In addition, the lack
of knowledge in the biochar production process remains a challenge. The International
Biochar Initiative [73] set guidelines on standards for production of biochar for use as soil
amendments. However, information on biochar production for use in the treatment of
contaminates and faecal sludge is limited. Moreover, most communities using latrines have
livestock, which relies on the biomass material also needed to produce biochar. Nonetheless,
the use of biochar in pit latrine sludge management can also be made sustainable, as
the production process of biochar is regarded as an efficient management method to
dispose of many organic wastes. However, advantages and disadvantages between the
economic cost (production) and benefit value (application) of biochar need to be carefully
measured. In addition, to enhance economic availability, easier production processes and
cheaper sources of raw biomass materials need to be discovered to enhance economic
availability [116]. Heavy metals can contaminate faecal sludge if toilets are also used
to dispose of materials other than faecal sludge [52]. Studies have reported that for any
new technology to be successfully integrated in a society, community awareness and
engagement is important [13,17,24].

Education on the appropriate use of toilets is important [52], and application of biochar
in latrines can be viable since a typical standard pit latrine only measures an approximate
pit area of 2 m × 2 m [31,42,61]. In comparison to uses for amendment purposes in soil
fertility and agriculture, sludge treatment can be more cost-effective, as the required biochar
quantities are less bulky. The use of biochar has also been proven to increase faecal sludge
decomposition, which can reduce the pit filling rates and increase the lifespan of a latrine.
Biochar is also now commercially produced, which can also increase accessibility for sludge
treatment and management uses. The high adsorption properties of biochar for water
pollutants can assist with in situ sorbent and faecal sludge treatments. Such low-cost
adsorbents can improve water quality through contaminant management.

5. Conclusions

This review focused on the potential uses of biochar in faecal sludge management
(FSM) practices in most developing countries relying on pit latrine sanitation systems.
Initially, the designs of pit latrines and the potential ways pollutants may migrate towards
water resources without biochar amendments were outlined from previous literature. To
understand the pollutant pit latrine leaching threat, the composition (heavy metals and
inorganic and organic contaminates) of the stored in situ faecal excreta is important. Possi-
ble ways were explored on the effectiveness of biochar use in aqueous waste contaminant
adsorption. The physical and chemical properties of biochar mostly determine its ad-
sorption ability as an adsorbent in faecal waste management. Potential challenges in the
adoption of biochar in faecal sludge management were also reviewed. Motivation can also
be necessary to encourage communities using latrines to adopt biochar as an alternative
low-cost carbon-rich absorbent for faecal sludge treatment. Biochar has high potential to
effectively treat faecal sludge and control the migration of pit latrine pollutants.

Future Research Perspectives in Faecal Sludge Management

Studies on characterization and potential applications of biochar for several uses
have been performed and research gaps have been indicated. Potential research lines that
can be summarized as: (i) focus on potential secondary ecological risks in the process
of biochar production by screening and pre-treating raw material to remove pollutants
derived from biomass [100]; (ii) long-term stability and effect of biochar on agricultural
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soil characteristics; (iii) assessment of multifunctional biochar materials on multi-heavy
metals contaminated soils and as engineering application; (iv) cost-benefit analysis to
enhance economic availability to improve production efficiency and reduce economic
constraints [63,100]; (v) soil toxicity to organisms and plants induced by biochar [63].
These research gaps are also applicable for biochar use in faecal sludge management. The
integration of biochar on faecal sludge management has the potential to be adopted by
smallholder farmers who have limited access to fertilizers due to financial limitations.
The success for this integration requires additional detailed studies considering that the
smallholder farmers have more possibilities to produce charcoal than biochar:

• Similarities on biochar and charcoal application on faecal sludge management;
• Assess the effectiveness of production and use of biochar (or charcoal) as low-cost

faecal treatment techniques to contain pollutants (i.e., heavy metals and microbial ele-
ments) based on dominant plant species to resolve the large variations in environments
and respective mechanism;

• Assess the potential use of faecal sludge treated with biochar as soil amendment for
nutrients sources and the risk to release heavy metals in agricultural production;

• The long-term impacts of biochar (or charcoal) recalcitrance in faecal sludge on heavy
metal elements retention and nutrient release in agricultural production;

• Socio-economic benefits from use of faecal sludge amended with biochar as soil
fertilizer for agricultural production;

• Potential retention of pollutants by biochar and/or charcoal from hydraulic loads in
dry pit latrines;
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Abstract: Activated carbons from argan nutshells were prepared by chemical activation using phos-
phoric acid H3PO4. This material was characterized by thermogravimetric analysis, infrared spec-
trometry, and the Brunauer–Emmett–Teller method. The adsorption of two emerging compounds, a
stimulant caffeine and an anti-inflammatory drug diclofenac, from distilled water through batch and
dynamic tests was investigated. Batch mode experiments were conducted to assess the capacity of
adsorption of caffeine and diclofenac from an aqueous solution using the carbon above. Adsorption
tests showed that the equilibrium time is 60 and 90 min for diclofenac and caffeine, respectively. The
adsorption of diclofenac and caffeine on activated carbon from argan nutshells is described by a
pseudo-second-order kinetic model. The highest adsorption capacity determined by the mathematical
model of Langmuir is about 126 mg/g for diclofenac and 210 mg/g for caffeine. The thermodynamic
parameters attached to the studied absorbent/adsorbate system indicate that the adsorption process
is spontaneous and exothermic for diclofenac and endothermic for caffeine.

Keywords: activated carbon; adsorption; caffeine; diclofenac; argan nutshells; emerging contaminants

1. Introduction

With the continuous increase of human demand for the environment, many pollu-
tants with low content in the environment but with great harm have gradually attracted
people’s attention, such as anti-inflammatories, antibiotics, etc., which are called emerging
contaminants (ECs). ECs are a group of chemical pollutants that have potential threats to
human health and the ecological environment. They are very complex organic matters
and generally exist in water. ECs usually comes from medicines, personal care products,
endocrine-disrupting chemicals, antibiotics, persistent organic pollutants, disinfection by-
products, and other industrial chemicals [1]. These ECs persist in the environment and last
for a long time. Previous studies have found more than 30 ECs in untreated wastewater,
treated wastewater, urban rainwater, agricultural rainwater, and fresh water. Among them,
artificial sweeteners, pharmaceuticals, and personal care products were detected in various
water samples [2]. ECs are constantly circulating, migrating, and transforming in environ-
mental media. Although the concentration of these ECs in water is relatively low, they may
have potential impacts on the environment and human health through the food chain after
being accumulated by organisms [3]. Therefore, how to effectively remove ECs in water
has received widespread attention.
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This is the case of pharmaceutical drugs, and this is the main theme of this work. For
example, in the case of painkillers and anti-inflammatory drugs such as diclofenac (Dic),
their ecological toxicity and the removal capacity of conventional wastewater treatment
plants are worrying. This drug has been frequently seen in wastewater and surface water
at concentrations up to 2 μg/L [4], and its chronic effects need to be analyzed. Another
example is caffeine (Caf), a psychostimulant and analeptic that is largely consumed by
the human population and expelled basically in urine. It is frequently found in surface
waters, and indeed at low concentrations caffeine can negatively affect the metabolism of
fish, amphibians, and reptiles [5–8].

Diclofenac and caffeine have been removed by using different types of adsorbents
which are listed in Table 1, along with percentage removal.

Table 1. Activated carbon performance from different agricultural waste toward caffeine
and diclofenac.

Absorbate Absorbent
Initial Con-
centration

Absorbent
Dosage

Time
Adsorption

Capacity
References

Caffeine

Peach stones 100 mg 0.12 g 2 h 126 mg/g [9]

Acacia mangium wood 100 mg 3 g 61 min 30.9 mg/g [10]

Date stone 100 mg 1 g 80 min 28 mg/g [11]

Macrophytes 150 mg 1 g 1 h 117.8 mg/g [12]

Açaí seed 300 mg 1 g 3 h 176.8 mg/g [13]

Pineapple Plant leaves 500 mg 1 g 4 h 152 mg/g [14]

Sargassum 20 mg 0.6 g 90 min 221.6 mg/g [15]

Pine Wood 120 mg 0.3 g 5 h 362 mg/g [16]

Coffee waste 25 mg 0.1 g 30 min 274.2 mg/g [17]

Elaeis guineensis 20 mg 0.2 g 5 h 13.5 mg/g [18]

Eragrostis Plana Nees
leaves 200 mg 0.07 g 1 h 235.5 mg/g [19]

Argan nutshells 100 mg 1 g 90 min 210.65 mg/g This work

Diclofenac

Sycamore ball 150 mg 0.2 g 2 h 178.9 mg/g [20]

Pine tree 100 mg 0.8 g 2 h 54.67 mg/g [21]

Sugar cane bagasse 50 mg 0.4 g 15 min 315 mg/g [22]

Cocoa shell 150 mg 1 g 223 min 63.47 mg/g [23]

Tea waste 30 mg 0.3 g 8 h 62.5 mg/g [24]

Potato peel waste 50 mg 0.4 g 24 h 68.5 mg/g [25]

Olive-waste cakes 50 mg 0.1 g 26 h 56.2 mg/g [26]

Pine sawdust-Onopordum
acanthium 100 mg 2.4 g 1 h 263.7 mg/g [27]

Coconut shell 200 mg 0.5 g 24 h 103 mg/g [28]

Peach stones 100 mg 0.12 g 2 h 200 mg/g [9]

Orange peels 0.5 mM 0.5 g 24 h 52.2 mg/g [29]

Argan nutshells 100 mg 1 g 90 min 126.16 mg/g Present
work
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At present, the methods generally used to remove ECs from water basically include
the microbial method [30], electrochemical method [31], adsorption method, membrane
process, and chemical oxidation process [32]. Among them, adsorption is extensively
accepted because of its advantages such as low cost, high efficiency, and wide processing
range. Generally used adsorbents include activated carbon [33–35]. The mechanisms of
adsorption are usually non-specific which could be employed to eliminate or reduce a large
variety of contaminants [36]. Adsorption is a widely acknowledged surface phenomenon
which is also a method for equilibrium separation as an effective process for removal of
pollutants from the wastewater [37–40]. Adsorption was observed to be advantageous over
other wastewater treatment methods in terms of initial price, simple design, ease of use
and non-sensitivity to harmful substances. Adsorption is therefore not allowing hazardous
chemicals to form [41–43]. Presently, activated carbon is the most widely used adsorbent. It
is substantially used to eliminate complex pollutants from wastewater, like dyes and heavy
metals [44].

Activated carbon (AC) is a long-known adsorbent distinguished by, among other
things, its large specific surface area, porous structure, and thermostability [45]. Activated
carbon might be prepared from any solid material containing a high proportion of carbon
often by carbonization followed by physical or chemical activation. However, a process
combining both steps can be applied [46]. Carbonization is essentially aimed at enriching
the material in carbon and creating the first pores, while activation aims at developing a
porous structure [47]. Good-quality activated carbons are prepared by plant biomass using
orthophosphoric acid H3PO4 as a chemical activating agent [48].

The AC resulting from these treatments acquires an adsorbing [49] and catalyzing ca-
pacity [50], which is highly sought after in several fields [46]: the pharmaceutical, food, and
automotive industries. AC is widely used in water purification. It allows for the removal
of organic (e.g., pesticides) and inorganic (e.g., heavy metals such as Pb) materials [51].

During the last decade, the ability of agricultural by-products to give ACs with a
high adsorption capacity and very advantageous physicochemical properties including,
among others, a low ash content, has not ceased to attract the attention of researchers [46].
Numerous works have been undertaken on the plant material of various origins: corn
straw [52], olive pits [53], sunflower seed shells [54], sugarcane bagasse [55], almond
shells [56], peach pits [57], grape seeds [58], apricot kernels [56], cherry pits [58], peanut
shells [59], walnut shells [60], rice hulls [61], corn hulls [62], and barley seeds [63].

In Morocco, the agricultural activity attached to the production of argan fruit (Argania
Spinosa) for oil extraction is rapidly emerging because of developing interest regarding its
usages for culinary and cosmetic purposes worldwide. So far, the increased popularity of
argan oil has prompted an annual production up to 4000 tons by Morocco, which leaves
behind about 80,000 tons of hard shells [64]. The latter is currently considered as an
agriculture by-product without any significant economic value and is mainly used by the
local population as a domestic combustible [65]. Even more interesting, argan shells are
well known by their rich lignocellulosic content [66], with high potential for use as raw
material to produce activated carbons.

Indeed, we previously reported successful production of nanoporous activated carbon
made from argan shells using optimal preparation conditions following an empirical
approach [67]. The purpose of the present work was to initially obtain an activated carbon
by chemical activation of argan fruit shells, then to investigate its capacity of adsorption
on caffeine and diclofenac. This property is determined by the depollution of various
industrial effluents.

2. Materials and Methods

2.1. Materials

The argan nutshells studied were collected in September 2020 in the rural area of the
region of Tafraout (29◦43′11.1′ ′ N 8◦58′51.7′ ′ W), southeast Morocco. These are waste fruits
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from Argan trees that grow spontaneously but do not benefit from any valuation. Figure 1
shows the initial samples of argan fruit.

Figure 1. Initial samples of argan fruit and the process of preparation of activated carbon.

Caffeine anhydrous 98.5% (Caf) was supplied by PanReac AppliChem and diclofenac
sodium 98% (Dic) was purchased from Acros Organics. Their chemical structure and other
properties are shown in Table 2.

Table 2. Properties and chemical structures of the contaminants studied.

Emerging
Contaminant

Mass Molar (g/Mol) PKa Size (nm) Chemical Structure

Caffeine 194.2 0.82 0.98–0.87

 

Diclofenac 318.1 4.15 0.97–0.96
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2.2. Preparation of the Activated Carbon

The preparation process of the AC (Figure 1) has two steps: carbonization and ac-
tivation. In the first step, argan was crushed and sieved to get a particle size ranging
between 80 and 100 μm. Then it was washed with distilled water and dried at 60 ◦C for
24 h. In the second step, the chemical impregnation was done in a round-bottom flask
reactor, where 60 g of argan reacted with an H3PO4 solution 85% (1:3) for 24 h at an ambient
temperature of 25 ◦C. After impregnation, the solid was filtered under a vacuum to remove
the excess phosphoric acid. Then the argan’s powder was pyrolyzed at 575 ◦C for 90 min
in a muffle furnace (PR Series Hobersal). Furthermore, the carbon was completely washed
with ultra-pure water in order to remove the remaining phosphoric acid until reaching a
pH of (6.5). Finally, the samples were dried in the oven at 105 ◦C for 24 h.

2.3. Characterization of the Activated Carbon

Thermogravimetric analysis (TGA) was used to estimate the temperature distribution
at which the nutshell of argan responds under a latent climate. Thermal analyses were
done with STD 2960 TA and SDT Q600 instruments under a nitrogen flow of 100 mL/min.
The temperature ramp of 10 ◦C/min from room temperature to 800 ◦C was utilized during
the analyses.

The surface functionalities were investigated with FT-IR spectroscopy. A Thermo IS5
Nicolet (USA) spectrophotometer was used for obtaining FT-IR spectra and acquired from
400 to 4000 cm−1 at room temperature (16 scans and spectral resolution of 4 cm−1); the peak
positions were determined using Origin software (Version 2021b). Origin Lab Corporation,
Northampton, MA, USA.

The textural properties of activated carbons were determined from nitrogen adsorption
at 196 ◦C using a Micrometrics ASAP 2420 (V2.09). Specific surface areas (SBET) were
determined by applying the Brunauer–Emmett–Teller (BET) equation to the isotherms.
Additionally, the total pore volume (VTP), which corresponds to the N2 volume adsorbed
at a relative pressure (P/P◦) of 0.95, was calculated. The volume of the micropores (VμP)
and external surface area (SEXT) were determined using the t-plot method. The external
volume (VEXT) was calculated using the difference between VTP and VμP. The average pore
diameter (DAP) was calculated using the 4VTP/SBET ratio.

2.4. Adsorptions Experiments

Adsorption is a surface phenomenon in which only the adsorbent surface is concerned,
and adsorbate should not penetrate inside the structure of the adsorbent. Figure 2 depicts
the adsorption process.

Figure 2. Adsorption process.
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Batch adsorption experiments were performed on IKA Magnetic stirrers (RO 15) with
a Digiterm 100 microprocessor-controlled digital immersion thermostat and thermostatic
circulating bath. In addition, a magnetic bar was added to stir the solution and a weight
circle was added to avoid floating. In order to obtain the adsorption equilibrium time, the
evolution of the adsorbate concentration was studied by adding 1 g of activated carbon to
adsorbate solutions (Co = 100 mg/L) in 50 mL-flask. The experiments were carried out at
controlled shaking (200 rpm) and temperature (30 ◦C) until reaching equilibrium.

The amount of adsorbed compound at equilibrium time, which represents the adsorp-
tion capacity, Qe (mg/g), and Qt is the amount of adsorbed compound at random time t,
can be determined by the next expressions:

Qe =
(Co − Ce).V

W
(1)

Qt =
(Co − Ct).V

W
(2)

where Co, Ct, and Ce (mg/L) are the absorbate concentrations at beginning, at time t,
and at equilibrium, respectively; V is the volume of solution (L) and W is the weight of
adsorbent (g).

When the adsorption equilibrium was reached, the adsorbent was removed from the
solution by filtration with syringe filters (0.45 μm) and the residual adsorbate concentration
was analyzed by a VWR UV-1600PC spectrophotometer. All experiments were carried out
at a natural pH of the adsorbate solution at the maximum absorbance wavelength (λmax)
of 300 nm for diclofenac and 290 nm for caffeine. The obtained data were adjusted to the
Langmuir and Freundlich isotherm models. The kinetic models of pseudo-first order and
pseudo-second order were evaluated.

2.4.1. Adsorption Kinetic

The mechanism through which adsorbate particles bind to the absorbent surface is
adsorption. Through column or section configuration, the adsorption process is achieved.
Kinetic studies are a curve (or line) which characterizes the speed of persistence or transfer
of a solution at a given adsorbent dosage, temperature, and pH with an aqueous atmosphere
to phase boundaries. Two major processes occur in adsorption: physical adsorption and
chemical adsorption. Physical adsorption is due to poor attraction forces (van der Waals),
whereas chemical adsorption requires the creation of a tight bond that facilitates the
activation of atoms in between the solvent and the substrate [68,69].

Pseudo-first-order kinetic model is a simple kinetic model which describes the process
of adsorption and is the pseudo-first-order equation suggested by Lagergren [70,71].

Qt = Qe[1 − exp(−K1.t)] (3)

where Qe (mg/g) is the amount of the contaminants adsorbed at equilibrium, Qt (mg/g) is
the amount of Dic and Caf adsorbed at time t (min), k1 (L/min) is the rate constant of the
pseudo-first-order adsorption.

Pseudo-second-order kinetic model is the kinetic equation that was developed for the
adsorption process [72]. The equations are given below:

Qt = Qe(
Qe.K2.t

1 + Qe.K2.t
) (4)

where Qe (mg/g) is the amount of the contaminants adsorbed at equilibrium, Qt (mg/g) is
the amount of Dic and Caf adsorbed at time t (min), k2 (g/mg. min) is the rate constant of
the second-order adsorption.
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2.4.2. Adsorption Isotherms

Any adsorption system’s isotherm is an equation which relates to the amount of
adsorbate on the adsorbent surface and the adsorbent’s concentration or partial pressure
at constant temperature [73]. The most used adsorption isotherms model contaminants
for removal are the Langmuir isotherm, Freundlich isotherm, Temkin isotherm, and BET
(Brunauer–Emmett–Teller) isotherm which are used to gain extensive knowledge on the
relationships between the adsorbent surface and the adsorbate [74,75]. Two classic isotherm
equations, namely Langmuir and Freundlich, were selected in this study to determine the
isotherm parameters.

Langmuir adsorption is made up of four assumptions. The adsorbent’s surface is
homogenous, implying that practically all binding sites are equal. Adsorbed molecules
do not encounter each other. The method of adsorption is similar in all situations, where
a monolayer is always assumed to be formed. It has been developed to clarify gas–solid
adsorption where monolayer adsorption is directly proportionate to the fraction of the
adsorbent surface, which is opened, while desorption is proportional to the portion of the
adsorbent surface covered. The Langmuir isotherm is given as [76,77].

Qe =
Qm.Kl.Ce
1 + Kl.Ce

(5)

where Ce is adsorbate’s concentration at equilibrium (mg/L), Qm is quantity of molecules
adsorbed on the adsorbent’s surface at any time (mg/g), and Kl is the Langmuir constant
(L/mg). When Ce/Qe is plotted against Ce, a straight line with a slope of 1/Qm and an
intercept of 1/Kl Qm is obtained.

Freundlich isotherm maintains multi-layer as well as heterogeneous molecular ad-
sorption and gives an interpretation that describes the heterogeneity of the surface, and
furthermore, the exponential function of the active site and their energy [78,79]. The
mathematical expression of Freundlich isotherm is:

Qe = K f .Ce1/n (6)

where Kf is Freundlich constant or adsorption capacity (L/mg), n represents the extent of
heterogeneity in the surface and furthermore characterizes how the adsorbate is distributed
on the adsorbent surface. In addition, the exponent (1/n) indicates the absorbent system’s
favorability and efficiency. As ln (Qe) is plotted against ln (Ce), a straight line with a slope
of 1/n and an intercept of ln (Kf) emerges.

2.4.3. Thermodynamic Study of the Adsorption

Thermodynamic parameters, specifically free energy, enthalpy, and entropy changes
of adsorption, were assessed utilizing Vant Hoff’s equation expressed as follows [80]:

ln Kl = −ΔG◦

RT
=

ΔS◦

R
− ΔH◦

RT′ (7)

where ΔG◦ is free energy of adsorption (J/mol), ΔH◦ is change in enthalpy (J/mol), and
ΔS◦ is change in entropy (J/mol/k).

Energy and entropy factors must be considered for every adsorption process in terms
of deciding whether the process has taken effect spontaneously. Thermodynamic variable
measurements are the exact metrics for the functional operation of the method [81,82].
Consequently, if the adsorption rate temperature progresses, (ΔH◦) > 0, the mechanism is
endothermic, or (ΔH◦) < 0, the mechanism is exothermic [83,84].
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3. Results and Discussion

3.1. Characterization of the Activated Carbon

As displayed in Figure 3, the profile of thermogravimetric analysis (TGA) obtained
with argan nutshells clearly shows weight loss occurring as function of temperature increase.
This profile is likewise of interest regarding the carbonization temperature range needed for
the activated carbon production. In concurrence with the writing [85], the first weight loss
of 5.9% is credited to the released of moisture content and volatile matter at a temperature
range between 20 ◦C and 100 ◦C. The second decomposition stage of the profile shows
a weight loss of 61.9% at a temperature range of 240 ◦C to 370 ◦C and is due to the
decomposition of hemicellulose and cellulose. The final stage of the profile exhibited
weight loss of 12.6% and is credited to the decomposition of lignin at a temperature above
370 ◦C. Stabilization of the material was seen near 600 ◦C and explains the consideration of
this temperature for carbonization.

Figure 3. TGA/DSC curve of the argan shells under nitrogen atmosphere.

The FT-IR spectrum of AC, displayed in Figure 4, shows characteristic vibration bands
of carbonaceous materials [86]. The figure of spectrum FTIR shows the presence of aromatic
amines between 1500 to 1600 cm−1, C-O bonds of Ester between 1210 to 1260 cm−1, the
isopropyl group (CH3)2CH- bonds between 990 to 1050 cm−1, and C-N bonds of the nitrile
derivatives at 834 cm−1.

The textural properties of the AC were measured by nitrogen physisorption at 77K.
It was evident that AC presented the type II physisorption isotherm (Figure 5) according
to IUPAC classification [87], which is characteristic for the microporous materials. The
results show that the phosphoric acid obtained the highest specific surface area, highest
pore volume, and narrow pore size distribution (Table 3). These properties offer a good
potential for the prepared activated carbons to be used as efficient adsorbents.
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Figure 4. FTIR spectra of activated carbon from argan nutshells.

 
(a) (b) 

Figure 5. (a) Nitrogen adsorption/desorption isotherms; (b) pore size distribution with insert in the
region of pore diameter between 0 and 100 nm for AC based on argan nutshells.

Table 3. Textural properties of the activated carbons obtained from argan.

Absorbent
BET Surface

Area
(m2/g)

Dubinin-
Radushkevich
Surface Area

(m2/g)

Dubinin-
Astakhov

Surface Area
(m2/g)

Total Pore
Volume
(cm3/g)

Average Pore
Diameter

(nm)

AC obtained
from argan 1007.76 1063.70 1042.50 0.85 3.38

3.2. Adsorption of Emergent Contaminants
3.2.1. Effect of Contact Time and Adsorption Kinetic

We studied the adsorption efficiency of the two emerging contaminants while mod-
ifying the contact time 15, 30, 60, 90, 120 and 150 min. Samples for analysis were taken
at regular time intervals to determine the percent removal of contaminants. The results
obtained are shown in Figure 6.
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Figure 6. Adsorption of Dic and Caf onto AC based on argan nutshells at different temperatures
(Co = 100 mg/L; m = 1 g; T = 30 ◦C; agitation speed = 200 rpm).

Adsorption kinetics of Caf and Dic showed that they were adsorbed rapidly at the
investigated conditions, with equilibration already achieved at 90 min of contact for Dic
and 60 min for Caf (Figure 6).

The absorbance quantity of Dic and Caf at the equilibrium was 82% and 92%, with
experimental uptake capacities of 82.60 mg/g and 93.09 mg/g, respectively.

This information indicates that all adsorption data obtained after these times can be
considered as obtained under equilibrium conditions. It is necessary to identify the step that
governs the overall removal rate in the above adsorption process. The pseudo-first-order
and pseudo-second-order kinetic models were tested to fit the experimental data obtained
for Dic and Caf uptake by AC. The kinetic study results are given in Table 4.

Table 4. Pseudo-first-order and pseudo-second-order parameters for adsorption of Dic and Caf onto
AC based on argan nutshells.

Pseudo First Order Pseudo Second Order

Qe (mg/g) K1 R2 Qe (mg/g) K2 R2

Dic 41.01 −0.00016 0.991 91.16 77576.79 0.999

Caf 9.28 −0.00016 0.872 95.99 463867.18 0.999

The kinetic data of Dic and Caf adsorption on AC based on argan nutshells was
investigated at temperatures of 30 ◦C. The best fitting model was defined by the higher de-
termination coefficient (R2). The pseudo-second-order model was the most suitable for the
Dic and Caf adsorption on AC based on argan nutshells data because this model has a R2

value close to 1 compared to pseudo-first-order model. The experimental adsorption capac-
ity for Dic (91.16 mg/g) and for Caf (95.99 mg/g) was also close to the calculated adsorption
capacity for Dic (82.60 mg/g) and for Caf (93.09 mg/g) (Figures 7 and 8). This suggests
that the adsorption kinetics of emergent contaminants can be well described by the pseudo-
second-order kinetic model. This means that the adsorption process is one of chemisorption
with various interactions, such as electrostatic attractions, stacking (pi-stacking interactions
(attractive, noncovalent interactions between aromatic rings)), hydrogen-bond formation,
and Van der Waals forces between the adsorbent and adsorbate [88].
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(a) (b) 

Figure 7. Pseudo-first-order kinetic model applied to the adsorption of Caf (a) and Dic (b) on activated
carbon from argan nutshells.

 
(a) (b) 

Figure 8. Pseudo-second-order kinetic model applied to the adsorption of Caf (a) and Dic (b) on
activated carbon from argan nutshells.

3.2.2. Adsorption Isotherm

The adsorption isotherm study was done to describe the interactions between Dic
and Caf on AC prepared from argan nutshells. It is important for the interpretation of the
surface properties, the adsorption capacities of AC, and to complete the adsorption isotherm
study that the equilibrium data were fitted to the Langmuir model and the Freundlich
model [89,90]. The Langmuir and Freundlich parameters of Dic and Caf adsorption on
AC were calculated using Equations (S5) and (S6) in the Supplementary information. The
isotherm parameters are listed in Table 5, Based on the comparison of the correlation
coefficient (R2) values of Dic and Caf adsorbed on AC (Figures 9 and 10).

Table 5. Parameters of Langmuir and Freundlich models of Dic and Caf onto AC based on
argan shells.

Langmuir Isotherm Freundlich Isotherm

Qm(mg/g) Kl (L/mg) R2 Rl 1/n Kf (L/g) R2

Dic 126.16 0.24 0.99 0.17 1.50 38.19 0.85

Caf 210.65 0.05 0.99 0.27 1.08 61.43 0.97
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(a) (b) 

Figure 9. Langmuir isotherm of Dic (a) and Caf (b) on AC based on argan nutshells.

 
(a) (b) 

Figure 10. Freundlich isotherm of Dic (a) and Caf (b) on AC based on argan nutshells.

Figure 9 describes the linear equations 1/Qe versus 1/Ce of Dic and Caf on AC
based on argan nutshells. The Qm and Kl values are presented in Table 5, which show
contaminants adsorption on the heat-resistant activated Langmuir angle and the calculated
values of the parameters.

Based on Table 5, the correlation coefficient of the linear regression equation (R2) of
the Langmuir isotherm adsorption model is reasonable for the adsorption of Dic and Caf
by activated carbon based on argan nutshells with values of 0.996, and 0.990, respectively.
The maximum adsorption capacities (Qm) of Dic and Caf by activated carbon based on
Argan nutshells calculated from the Langmuir model are 126.16 mg/g, and 210.65 mg/g,
respectively.

When the experimental equilibrium data are appropriately described by the Langmuir
model, it is essential to calculate the separation factor [91]. It was originally proposed that
the essential characteristics of the Langmuir isotherm model could be indicated in terms of
a dimensionless constant separation factor or equilibrium parameter Rl, which is defined
as follows:

Rl =
1

1 + (Kl∗Co)
(8)

where Rl is a constant separation factor (dimensionless) of a solid–liquid adsorption system,
Kl is the Langmuir equilibrium constant, and Co is the initial concentration.

The results show that Rl values for Dic were 0.169 and for Caf 0.266. All of the values
between zero and one indicate the suitability of the Langmuir isotherm model for the
description of the adsorption process of Dic and Caf.
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Figure 10 describes the linear equation log (Qe) versus log (Ce), thereby determining
the constants Kf and n, as shown in Table 5.

Table 5 shows the adsorption process of Dic and Caf on activated carbon based on
argan nutshells, according to the Freundlich isotherm model with values of 0.85 and
0.97, respectively. These indicate that the Freundlich isotherm model is not suitable for
describing the contaminants adsorption process by the adsorbents.

The results show that n values for Dic were 1.501 and for Caf were 1.076. They were
both superior to one, indicating that the adsorption isotherms are poorly modelled by the
Freundlich equation.

Furthermore, the Langmuir isotherm model has a higher regression coefficient R2

than the Freundlich model (Table 5), indicating the Langmuir model provides a better
description of AC (based on argan nutshells) adsorption process in Dic and Caf. Therefore,
these results suggest monolayer adsorption of AC on the surface of the adsorbent.

Table 1 shows a comparison of absorbance capacity of Dic and Caf on various adsor-
bents reported in the literature, since the absorbance capacity of contaminants adsorbed
varies as a function of different parameters (Initial concentration, contact time, etc.). Never-
theless, AC from argan nutshells presented high capacities for Dic and Caf, comparable or
even higher than the ones obtained with other activated carbons derived from agricultural
waste (Table 1).

To understand the mechanisms associated with the adsorption of Dic and Caf by the
AC from argan nutshells, it is important to evaluate a potential practical application of
adsorbents related to the removal of this type of contaminant.

The results presented in Table 6 also highlight that the surface area is not always the
important feature in the removal of these adsorbate molecules.

Table 6. Adsorption capacities and surface area of different contaminants using AC based on argan
fruits shells compared to the literature data.

Adsorbent Contaminants
BET Surface Area

(m2/g)

Adsorption Capacity
(mg/g)/Removal

Efficiency (%)
References

AC based on Argan nutshells
Dic

1007
126

Present work
Caf 210

AC-HP BPA 1372 1250 [92]

ACH
DCF

1542
149

[93]
PARX 168

ANS BPA 42 1162 [94]

ANS CV - 98.21% [95]

As mentioned before, textural properties were not the main factors in the adsorption
of Dic and Caf since the AC obtained from argan nutshells presented a higher surface area
and pore volume did not perform better regarding adsorption capacity of Dic and Caf. The
large micropores developed on AC from argan nutshells do not provide an optimum size
for adsorbates adsorption, which can explain the minor impact of surface area (Table 6). In
fact, the role of the microporous network in the interaction with pharmaceutical molecules
was previously demonstrated: If the critical dimension of the adsorbate molecule is close
to the width of the micropores there will be an enhanced interaction and packing of the
molecules [93].

3.2.3. Effect of Temperature and Thermodynamic Study

The effect of temperature on the adsorption phenomenon was studied by varying this
parameter from 10 ◦C to 30 ◦C using a thermostat bath to maintain the temperature at the
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desired value. The tests were carried out by stirring 1 g of activated carbon based on argan
shells with 100 mg of each contaminant (diclofenac and caffeine) in 1 L of the solution.

Initially, thermodynamic parameters such as Gibbs free energy (ΔG◦), enthalpy (ΔH◦),
and entropy (ΔS◦) for diclofenac and caffeine adsorptions were determined by the slope
and intercept in Ln(K) versus 1/T plot (Figure 11) that allowed for calculating the values of
ΔH◦ and ΔS◦ in both matrices. The results are shown in Table 7.

 
(a) (b) 

Figure 11. Plot of ln(Kc) versus temperature (1/T) for thermodynamic parameter calculation for the
adsorption of Dic (a) and Caf (b) on AC based on argan nutshells.

Table 7. Thermodynamic parameters relating to the adsorption of contaminants (Dic and Caf) on
activated carbon based on argan nutshells.

Contaminants T (◦C)
ΔG◦

(Kj/mol)
ΔH◦

(Kj/mol)
ΔS◦

(Kj/mol/k)
R2

Dic

10 −3.28

−20.11 −59.32 0.8220 −3.07

30 −1.85

Caf

10 −3.29

1.77 17.95 0.9220 −3.51

30 −3.64

The negative values of the three parameters ΔH◦, ΔG◦, and ΔS◦ of diclofenac indicate
that the reaction is spontaneous and exothermic and that the order of distribution of the
contaminant molecules on the adsorbent is large compared to that in solution. Furthermore,
an examination of the standard enthalpy values of the adsorption (<40 kJ/mol) shows that
it is physisorption. In the case of diclofenac, the negative ΔS◦ value shows that adsorption
occurs with increasing order at the solid–solution interface. The negative values of ΔG◦
increase with temperature and indicate an increase in disorder during adsorption, and the
randomness increases at the solid–solution interface during this binding process. This can
be explained by the redistribution of energy between the absorbent and the absorbate.

The positive value of ΔH◦ confirms the endothermic nature of the adsorption process
of caffeine (values lower than 40 Kj/mol). Therefore, the adsorption regarding the matrices
occurs by physisorption. Indeed, ΔS◦ presented positive values, which agrees with a disso-
ciative mechanism. Moreover, the positive value of ΔS◦ shows the increased randomness
at the solid–solution interface during the adsorption. It might display an increment of the
degrees of freedom for the caffeine molecules in the solution. Additionally, Table 7 shows
more negative ΔG◦ values as the temperature increased; these indicate that the adsorption
process is spontaneous, and spontaneity increases with an increase in temperature.
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3.3. Statistical Analysis

Results are reported as the means of four replicates. Data obtained were subjected
to one-way analysis of variance (ANOVA) for assessing the significance of quantitative
changes in the variables as a result of biochar treatments. The statistical analysis was done
by the Statistical Package for Social Science (SPSS 23.0).

According to the statistical analysis (Table 8), the effect of the dose shows that there is
a significant difference (p > 0.05) between the means of the adsorption capacities of caffeine
and diclofenac by the activated carbons from argan nutshells (AC). On the other hand, the
statistical analysis of the effect of the initial concentration shows that the test is significant
at the 5% level. Furthermore, the statistical analysis of the effect of contact time shows that
the test is highly significative at the 1% value; there is a significant difference between the
mean adsorption capacities of caffeine and diclofenac by the activated carbons from argan
nutshells (AC). Moreover, the statistical analysis of the effect of temperature shows that
the highly significant test at the 5% threshold shows a significant difference between the
means of adsorption capacities of caffeine and diclofenac by the activated carbons from
argan nutshells (AC).

Table 8. Analysis of variance (F-test) of the effects on the adsorption of caffeine and diclofenac by the
activated carbons from argan nutshells (AC).

Type of Analysis Parameter Study
Type of
Sample

Mean Std. Error

95% Confidence
Interval

Test
ANOVA

Lower
Bound

Upper
Bound

F Sig.

Effect of adsorbent dose
on adsorption yield of

Caffeine and Diclofenac

Adsorption yield,
Caffeine (%) AC 72.448 10.416 46.960 97.937 0.001 0.000

S

Adsorption yield,
Diclofenac (%) AC 60.466 9.654 36.343 84.089 0.002 0.000

S

Effect of Concentration
on the adsorption

capacity of Caffeine
and Diclofenac

Adsorption capacity,
Caffeine (mg/g) AC 79.509 15.820 11.438 147.579 0.002 0.000

S

Adsorption capacity,
Diclofenac (mg/g) AC 80.226 12.080 28.247 132.206 0.001 0.000

S

Effect of contact time on
adsorption capacity of

Caffeine and Diclofenac

Adsorption capacity,
Caffeine (mg/g) AC 91.839 1.619 87.675 96.002 0.003 0.001

S

Adsorption capacity,
Diclofenac (mg/g) AC 76.133 4.123 65.534 86.733 0.002 0.000

S

Effect of temperature
on adsorption of

Caffeine and Diclofenac

Adsorption capacity,
Caffeine (mg/g) AC 95.869 5.743 71.548 120.583 0.001 0.001

S

Adsorption capacity,
Caffeine (mg/g) AC 83.449 4.569 63.786 103.112 0.003 0.000

S
Values are averages ± standard deviation of triplicate analysis. Data obtained were subjected to one-way analysis
of variance (ANOVA). NS: Non-significant (p > 0.05). S: Significant (p < 0.05). AC: Activated carbons from
argan nutshells.

4. Conclusions

The adsorption experiments show that the argan shells used were very effective in
removing emerging contaminants such as diclofenac and caffeine at relatively low con-
centrations in aqueous medium. Adsorption tests showed that the equilibrium time was
60 and 90 min for Dic and Caf, respectively. The adsorption of Dic and Caf on activated
carbon (AC) from argan nutshells is perfectly described by a pseudo-second-order kinetic
model. The highest adsorption capacity determined by the mathematical model of Lang-
muir was about 126 mg/g for Dic and 210 mg/g for Caf. The thermodynamic parameters
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linked to the studied absorbent/adsorbate system show that the adsorption process is
spontaneous and exothermic for diclofenac and endothermic for caffeine. Therefore, the
chemical activation of argan shells improves its adsorption capacity. Thus, we can offer
an adsorption material at low cost that can possibly contribute to the protection of the
environment, especially in the purification of water. The valorization of Moroccan argan
shells has been highlighted in this work.
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Abstract: In the present research, the removal of pharmaceutical contaminants based on atenolol
(AT) and propranolol (PR) using modified activated carbon (AC) in a liquid solution was studied.
Two methods, adsorption and photodegradation, were used to eliminate AT and PR. First, AC
was prepared from date stems and then modified via hydroxylation (AC-OH) and impregnated
into titanium dioxide (AC-TiO2) separately. The removal of AT and PR was investigated in terms
of experimental parameters, such as pH, concentration, temperature, and the effectiveness of the
processes. The results show that the removal of AT and PR reached 92% for the adsorption method,
while 94% was registered for the photodegradation process. Likewise, in optimal experimental
conditions, the adsorption of AT and PR over AC-OH showed good stability and recyclability,
achieving five cycles without a visible decrease in the removal capacity. The results obtained in
this work suggest that the low-cost and environmentally friendly synthesis of AC-OH is suitable
to be considered for wastewater treatment at the industrial scale. Interestingly, the above results
open a potential pathway to determine whether adsorption or photodegradation is more suitable
for eliminating wastewater-related pharmaceutical pollutants. Accordingly, the experimental results
recommend adsorption as a promising, durable, eco-friendly wastewater treatment method.

Keywords: hydroxylation; titanium dioxide; adsorption; photodegradation; atenolol; propranolol

1. Introduction

In recent years, the concentrations of toxic pharmaceutical products in the global
environment have increased substantially [1,2]. Pharmaceutical and chemical personal care
products are widely used in daily life. Unfortunately, more than 50% of these hazardous
products are discharged into the environment, such as in rivers, which can cause danger to
fauna and flora [3]. Therefore, their destruction of ecological processes and functions in
freshwater ecosystems is often called to be limited or reduced, as the continuous input of
these pharmaceutical molecules in the water environment affects water safety, resulting in
chronic toxic effects on organisms [4–7] and has potential impacts on human health through
the food chain [8]. Numerous pharmaceutical products are discharged into the water
environment, and atenolol (AT) and propranolol (PR) are the most used medicaments.
PR and AT are medications called beta-blockers and are used to treat cardiovascular
diseases, such as hypertension, tachycardia, and acute myocardial infarction [9]. In recent
research studies, AT and PR were detected at high concentration levels in urban wastewater
treatment plant effluents [10–13]. In addition, AT and PR were widely detected in hospital
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sewage and wastewater treatments in concentrations ranging from about 0.78 to 6.6 μg/L
in Greece [14]. Regarding the above problems, water quality is in danger, and alternative
reserves or crucial solutions are requested to alleviate this issue. Wastewater treatments via
biological, filtration, settling, adsorption, coagulation, and many other processes displayed
interesting results in removing these toxic products. However, almost all these processes
showed a real weakness due to the lack of continuous properties and the high energy
consumption. Adsorption is a very useful method for wastewater treatments, representing
an eco-friendly and low-cost option. While adsorption is suitable for water treatment, it
can only be considered an effective process if the adsorbent has complementary properties
that ensure its eco-friendly and high adsorption capacities during its utilization.

Numerous adsorbents have been developed with the above aims, such as metallic
oxide, biomass, activated carbon, graphene oxide, metal–organic frameworks, and zeo-
lites [15–19]. To produce eco-friendly and low-cost properties, researchers focused on
biomass and its derivatives as potential adsorbents and effective candidates for wastewater
treatments. Up to now, activated carbon has been considered one of the best materials
for water treatment due to its surface properties, low cost, and high capacity to remove
pollutants from water. However, the rapid saturation of these adsorbents means they must
be changed or recycled frequently; heterogeneous photocatalysts can be a good alternative
to adsorption. This chemical process of photocatalysis involves reactive radical species,
such as hydroxyl radicals (HO·), in the presence of a semiconductor catalyst based on a
metal oxide to degrade the pharmaceutical molecules. Titanium dioxide (TiO2) is a good
catalyst due to its photochemical stability. Lu et al. and many other researchers investigated
the immobilization of TiO2 nanoparticles on an activated carbon surface to improve the
photocatalytic activity and make the separation of treated effluent more effective [20–23].
The results obtained toward this goal are of great importance and, up to now, have not
been developed. The coating of surfaces with TiO2 produces a relatively low improvement
regarding the photocatalytic reaction because of the particles’ low dispersion and limited
mass transfer between the pollutant molecules and the catalyst [24,25]. Catalysts can be
more effective and easily separated from the effluent [26–28].

In this regard, activated carbon covered with TiO2 semiconductors is active since
it enhances the photocatalytic reaction between TiO2 and the contaminants due to the
adsorption of pollutants on its surface [29,30]. Increased adsorption contributes to a higher
concentration of contaminants around the TiO2 active sites [31]. Therefore, this study was
designed to examine removing AT and GT pharmaceutical products from the water via
adsorption and photodegradation with activated carbon and activated carbon covered with
TiO2. This first study focused on treating products with environmentally activated carbon
and TiO2. The results of this study could be used as a solution for water treatments, which
is considered the most important environmental pollution issue to be resolved. In detail,
this study evaluated the removal of AT and PR via an adsorption process using agro-waste
(date stems) as a source of activated carbon (AC). At first, the adsorption of AT and PR
was evaluated on AC and AC-OH, and then, their photodegradation in the presence of a
heterogenous photocatalyst (AC-TiO2) was tested.

2. Materials and Methods

2.1. Materials

Zinc chloride (ZnCl2), hydrochloric acid (HCl) 37%, titanium (IV) isopropoxide (TTIP)
97%, atenolol (AT), propranolol (PR), acid nitric (HNO3), hydrogen peroxide (H2O2), iron
(III) nitrate nanohydrate (Fe(NO3)3·9H2O), and commercial activated carbon (AC) were
purchased from Sigma-Aldrich, St. Louis, MI, USA. The chemical formulas and descriptions
of AT and PR are presented in Table S1 and Figure S1.

2.2. Materials Synthesis

According to our previously published work, activated carbon was obtained from
agro-waste, specifically from date stems [32,33]. The date stems were washed with distilled
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water, dried at 105 ◦C for 24 h, and cut at around 0.2 cm. For activation, 48 g of date
stems were stirred with 96 g of ZnCl2 (m(ZnCl2) = 2 × m(AC)) for 4 h and carbonized at
600 ◦C for 2 h under dried air. Afterward, the obtained product was washed with HCl
37% and dried at 80 ◦C overnight. The product obtained wais dentified as AC. To increase
the number of the hydroxyl group (-OH) at the surface of activated carbon (AC), AC
was impregnated into a solution of hydrogen peroxide, nitric acid, and deionized water
(1:1:5 v/v/v, respectively) at 70 ◦C for 4 h. The obtained powder was filtrated, washed
with deionized water, and dried at 80 ◦C overnight. The resulting material is denoted as
AC-OH a refers to OH-enriched activated carbon. In parallel, activated carbon was coated
with a TiO2 solution via an in situ impregnation method, according to a method described
elsewhere [34]. Briefly, 0.1 g of AC is added to different quantities of TTIP (30, 50, and
70%) and dissolved in 20 mL of isopropanol. The mixture was stirred for 1 h, washed with
isopropanol, and dried at 70 ◦C for 6 h. The final obtained powder is identified as activated
carbon over titanium dioxide (AC-TiO2).

2.3. Materials Characterization

The prepared products were characterized by scanning electron microscopy (SEM)
using a JCM-6000 electron microscope (JEOL, Rueil Malmaison, France) to observe the
surface morphology of AC and AC-OH. The chemical composition of AC before and after
adsorption and AC-OH were characterized through Fourier transform IR spectroscopy
(FTIR) using a Tensor 27 (Bruker, Wissembourg, France) spectrometer with a ZnSe ATR
crystal device. For each spectrum, 20 scans were accumulated with a resolution of 4 cm−1.
The thermal stability of AC and AC-OH was analyzed by differential scanning calorimetry
(DSC) using a DSC-92 (Setaram, Caluire et Cuire, France) device at a heating rate of
5 ◦C min−1 from room temperature to 550 ◦C. The zeta potential of each sample dispersion
was measured in phase analysis light scattering (PALS) mode using a Zeta sizernanoZS
setup (Malvern, Palaiseau). For the zeta measurements, nanoparticle suspension was
obtained by adding 100 mg of each sample to 10 mL of ultrapure water.

2.4. Adsorption Experiments

The batch adsorption experiments were carried out using 50 mL of the solution
containing a 50 mg L−1 concentration of the pharmaceutical molecules. The effect of
pH was studied in the range from 2 to 10, where HCl and NaOH solution adjusts pH.
Afterward, a predetermined amount of the adsorbent (0.010–0.8 g) was mixed into the
solution before sonication at ambient temperature for 5–180 min. The supernatant was
centrifuged at 2000 rpm for 3 min. Then, the absorbance was measured using a UV–vis
spectrophotometer (Shimadzu Uv-1900) at λmax of each molecule at 224 and 288 nm for AT
and PR, respectively. The results are averages of a minimum of 3 experiments.

The percent removal of contaminant and the adsorption capacity was calculated using
Equations (1) and (2).

Contaminant removal % =
C0 − Ct

C0
× 100 (1)

The capacity for adsorption = (C0 − Ct)× V
M

(2)

C0 mg/L and Ct mg/L are the initial concentration and concentration at time “t”, respec-
tively. “V” (mL) is the volume of (PR, AT), and “m” (mg) is the mass of the adsorbent.

2.5. Photocatalytic Experiments

The UV chamber (Model, 2000), 12.7 cm × 12.7 cm, was purchased from DYMAX,
Germany. A UV lamp (DYMAX, Wiesbaden, Germany) that had a 400 W UV–mercury
lamp. It generated a continuous spectrum of 320–400 nm with a measuring intensity of
225 mW/cm2. Batch experiments were carried out in 500 mL quartz beakers, where the
light source was held perpendicular to the batch reactor. Both catalytic and noncatalytic
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degradation was measured under identical conditions. Before absorption analysis, samples
were collected at regular intervals and centrifuged (5000 rpm, 10 min). Then, the concen-
tration of AT and PR were determined by measuring the absorbance (spectrophotometer
UV-1900 Shimadzu, Marne La Vallée, France) at 224 and 288 nm, respectively.

3. Results

3.1. Morphological Properties

Figure 1 shows SEM analysis of AC (activated carbon), AC-OH (OH-enriched activated
carbon), and AC-TiO2 (activated carbon over titanium dioxide) samples. A smooth and
nonuniform surface is registered for AC and its modified counterpart. The average particle
size is around 50 μm. The presence of many cavities on the material’s surface designs
the morphology of AC. However, the addition of TiO2 nanoparticles is confirmed by the
high distribution of TiO2 particles on the AC surface. A visible change is observed by
the cavity displayed in Figure 1g, explaining the successful coating of TiO2 particles onto
the AC surface. The TiO2 particles are spherical and distributed uniformly at the AC
surface. It should be noted that the in situ synthesis of metallic particles presents a weak
aggregation. Herein, immobilizing a high amount of TiO2 over AC could be baneful for
surface reactivity and the adsorption of pollutants. The morphology changes of AC and
AC-TiO2 are shown by the fewer cavities than AC, which suppose that TiO2 occupied the
majority of the surface.

Figure 1. SEM images of AC (a–c), AC-OH (d–f), and AC-TiO2 (g–i).

3.2. Surface Properties

Figures 2 and 3 show the FTIR analysis for all samples to investigate the surface
properties and the stability of synthesized samples in liquid media. Starting by measuring
the ZP values of all samples, it was found that the ZP of AC-OH is less than 20 mV,
suggesting the good stability of the materials. Although, ZP results confirmed the successful
addition of hydroxyl groups at the AC surface, as supported by noticeable decreases in
ZP. The surface charge of the particles has a potential effect on catalytic activity, as it
could involve such interaction with pharmaceutical pollutants. The results on the AC-TiO2
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surface displayed a marked decrease in the zeta potential from 8 mV for AC to −14 mV for
AC-TiO2. The negative surface charge could play a key role in the adsorption of pollutants
from the water.

 

Figure 2. FTIR spectra of AC and AC-OH.

 

Figure 3. FTIR spectra of AC and AC-TiO2.

According to the Fourier transform infrared spectrum shown in Figure 2, the peaks
of the AC surface before and after hydroxylation treatment are different from one sample
to another. For AC, the peak located at 1579 cm−1 is assigned to the stretching vibration
of C=C, whereas the band observed at 1259 cm−1 is attributed to the bending vibration of
C-H in the methylene group. At the same time, the spectrum of AC-OH displayed a visible
change due to the hydroxylation steps. The new band that appeared at 3415 cm−1 is associ-
ated with hydroxyl groups’ stretching vibration (-OH). Accordingly, the chemical structure
of the synthesized samples, the bands centered at around 1720 cm−1 and 1105 cm−1, are
attributed to the presence of the C=O and C-O groups, respectively.

A comparison between the FTIR spectra of AC and AC-TiO2 is shown in Figure 3.
The stretching vibration of the hydroxyl group registered at 3400 cm−1 is assigned to the
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physisorbed surface water [34]. A slight shift to a lower wavenumber is observed and
explained by the presence of TiO2 on the AC surface. According to Loo et al., the peak that
appeared at 768 cm−1 is assigned to the stretching vibration of Ti-O [34].

3.3. Thermal Properties

DSC analysis was performed to investigate the thermal properties of AC and AC-OH.
AC samples produced a higher endothermic peak. This peak detected around 90 ◦C cor-
responds to the dehydration of the adsorbents. In addition, AC displayed an exothermic
peak from 410 to 500 ◦C associated with the degradation of cellulose, lignin, and hemicel-
lulose. DSC thermograms of AC-OH (Figure 4) display two endothermic peaks around
90 and 400 ◦C associated with the dehydration and dihydroxylations of the date stem. All
of these results correspond to the literature as well as SEM and IR data.

 
Figure 4. DSC analysis of AC and AC-OH.

3.4. Adsorption of Atenolol and Propranolol

The adsorption of AT and PR was carried out in the presence of AC and AC-OH.
A commercial activated carbon (AC) was also evaluated for removing AT and PR from
contaminated water. To investigate the parameter effects on the adsorption of pharma-
ceutical products, temperature, initial concentration, and pH were studied in terms of
adsorption capacity. The results are shown in detail in the Supplementary File. As seen
in Figures S2–S4, the high temperature was not suitable for the adsorption of AT nor PR
molecules due to their limited temperature stability. The adsorption capacity increased as
the concentration of pollutants increased to achieve the equilibrium phase, indicating its
saturation [14,26,35]. Measurements on the effect of pH displayed that the adsorption of
pharmaceutical molecules could have been performant in basic media, while the acidic solu-
tion avoided competition with a proton. The removal capacities of the samples, which had
the same experimental conditions, i.e., the synthetic and the commercial AC, are reported
in Figure 5. The results show that both samples adsorbed the pharmaceutical products in
two distinct phases. A rapid adsorption process describes the first phase, while equilibrium
steps characterize the second phase. The large number of active sites available at the AC
surface for the adsorption of AT and PR explains this result. Meanwhile, over 60 min, the
main part of these active sites became saturated by adsorbate, resulting in limited access
to more molecules in the solution. Therefore, the second step was reached to achieve the
adsorption equilibrium [14].
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Figure 5. Removal capacity of (a) AT and (b) PR over AC, AC-OH and commercial AC.

A comparison of the adsorption capacity of commercial and prepared AC shows
that AC synthesized from date stems produced a higher adsorption uptake (60%) than
commercial AC (32%). This trend can be explained by the key role of treatment and
carbonization in this work. It was found that our prepared AC’s equilibrium time is longer
than the commercial AC’s. Interestingly, the best performance is observed for the AC-OH
sample, where the adsorption capacity is over 93% for the removal of PR in 120 min. The
adsorption kinetic is also faster with AC-OH because the equilibrium was reached after
60 min, and only 10 min is required to adsorb 56% of the PR. This result can be explained
by the negative charge surface of AC-OH, as supported by the Zeta potential measurement.
For the atenolol molecule, the performance of AC and AC-OH is still higher than that of
AC, but the adsorption was more difficult than for propranolol. Indeed, 67% of the AT was
adsorbed on AC-OH compared to 36% and 23% for AC (from date stem) and commercial
AC, respectively.

3.5. Photocatalytic Degradation of Atenolol and Propranolol

The effect of TiO2 concentration is considered the first parameter that can affect the
removal efficiency of the catalyst. The photocatalytic activity of AC-TiO2 was measured for
various concentrations of TiO2 (30%, 50%, and 70%); the results are shown in Figure S6. The
results show that AT and PR’s photocatalytic degradation depends on the TiO2 quantity.
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While the TiO2 concentration increased, photocatalytic degradation increased. The rise
of photocatalyst radicals can explain this. The degradation continued until reaching an
optimum close to 50%. Measurements on the AC-OH-supported TiO2 were investigated
regarding adsorption capacity for both molecules AT and PR. Figure 6 depicts the results
obtained for the photocatalytic efficiency of AC-OH/TiO2 and AC-TiO2.

 

Figure 6. Removal of PR (a) with and (b) without light using AC, TiO2, AC-OH, AC-OH-/TiO2, and
AC-TiO2 catalysts.

According to the obtained results, it is clear that AC-OH/TiO2 can eliminate more
than 45% of PR, while AC-TiO2 achieves 94% degradation. Photolysis and pure TiO2 are
tested separately to understand the high degradation capacity. Only 10% PR removal is
obtained for the materials, suggesting the potential role of the coating process for AC-OH
and TiO2.

Experiments were carried out in the presence of and without light to demonstrate the
beneficial effect of irradiation light combined with AC-OH-TiO2 and AC-TiO2. Figure 7
demonstrates that light is combined with AC-TiO2 to obtain high adsorption uptake. The
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removal of PR and AT by AC-OH-TiO2 and AC-TiO2 without light is mainly due to their
adsorption on the active surface. Results showed that the photocatalytic degradation
efficiency increased significantly for all AC-TiO2 composites compared to pure TiO2. When
(PR and AT) are adsorbed on the AC surface, they react with reactive radicals by an
oxidation reaction; this improves the catalyst activity. Hayati et al. [36] confirmed that AC
is very important because it could act as an electron sink, which allows for the interfacial
transfer of photo-induced electrons from TiO2 to AC and the inhibition of the electron
recombination rate.

 

 

Figure 7. Removal of AT (a) with and (b) without light using AC, TiO2, AC-OH, AC-OH/TiO2, and
AC-TiO2 catalysts.

3.6. Stability and Reusability of the Prepared Materials

The reusability of the prepared materials is investigated and evaluated. The AC-based
adsorbent is tested for various adsorption cycles, and the results are displayed in Figure 8.

From the recyclability test, it was established that the system could work with a
removal efficiency close to 50% for the studied molecules (AT, 46%; PR, 58%) for a minimum
of four cycles. After each adsorption cycle, the adsorbent AC-OH is used for the desorption
system, in which the leaching solvent is methanol. The histogram of the removal of AT and
PR after each cycle is represented in Figure 8. As seen, for the PR removal, in the first cycle,
percent recovery rates of 92% were reached in 2 h, while the second cycle shifted to 87%,
which can be considered appreciable results for the recycled adsorbent. The same trend
was observed for the removal of AT, which presents a slight decrease from 70% to 65%.
Importantly, the developed materials had good recyclability, reaching 52% of PR removal
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over the fourth cycle. Accordingly, the obtained results could be considered a suitable and
stable adsorbent for removing pharmaceutical products.

 
Figure 8. Effect of regeneration cycle on adsorption removal for PR and AT pharmaceutical contaminants.

The adsorption capacities of the pharmaceutical molecules were compared with data
already published using other adsorbents. Table 1 summarizes the maximum adsorption
capacity over various adsorbents for treating AT and PR. Comparatively, it was found that
AC-OH showed a better adsorption capacity for AT (288 mg/g) and PR (339 mg/g) com-
pared to the other adsorbents, such as granular activated carbon, hematite nanoparticles,
and activated carbon fiber. Interestingly, this finding can open a new prospect to evaluate
the prepared materials for other toxic molecules on a large scale, like the industrial scale.

In addition, it will be important to evaluate the efficiency of AC-TiO2 on the pho-
todegradation uptake. It was clear that AC-TiO2 performs well on the photodegradation of
AT and PR in liquid solution. Table 2 reports the photocatalytic degradation capacity using
AC-TiO2 compared to other commercial photocatalysts reported in the literature. However,
the photocatalytic degradation of pollutants by TiO2 has been extensively studied, while
there are few reports of utilizing AC-TiO2 to degrade atenolol and propranolol (Table 2).
It can be observed that AC-TiO2 is an efficient candidate to eliminate AT and PR, as com-
pared to the other catalysts. It is interesting to note that AC-TiO2 is efficient in treating
concentrated solutions of AT and PR in a short time compared to data already published
in the literature. It should also be reminded that AC-TiO2 is inexpensive as it is prepared
from a lignocellulosic agro-waste.

3.7. Comparison between the Adsorption and the Photocatalysis Methods

As mentioned in the introduction, this work comprehensively compared two meth-
ods for the water treatment, i.e., adsorption and photodegradation techniques, using the
same support like AC-OH and AC-TiO2 for adsorption and photodegradation, respectively.
Despite the interesting results obtained in the above section for both processes, a distin-
guishing difference can be illustrated in many aspects, particularly the reusability and the
cost. Accordingly, the most useful and more suitable methods for wastewater treatment can
be selected. On the one hand, the photocatalytic degradation of pharmaceutical products is
based on utilizing TiO2 nanoparticles, which represents one of the most promising methods
to decontaminate water containing organic pollutants, such as AT and PR. In its nano-
metric form, titanium dioxide is considered the first interesting catalyst for photocatalytic
wastewater treatments, as it presents high stability. Also, in light of the results obtained
in this work, it was found that TiO2 incorporated over AC is attractive due to its highly
reactive surfaces, which make them a good photocatalyst of pollutants. Unlike the high
energy consumption caused by the UV light during the sorbent activation, nanoparticle
powders can be released in treated water, contaminating the environment. As the toxicity
of the environment is not accepted to any degree, photodegradation via AC-TiO2 is limited
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and cannot be developed on a large scale, including any industrialization of the process.
However, the adsorption process represents an appreciable removal capacity of up to 89%
of AT and PR pharmaceutical pollutants. Likewise, the adsorption methods are widely
employed since it provides many advantages, such as low energy consumption, strong
reusability, cost-effectiveness, and easy handling.

Table 1. Comparison of the adsorption capacity of AT and PR over various adsorbents.

Pharmaceutical
Molecules

Adsorbent
Maximum Adsorption
Capacity (mg/g)

References

Atenolol

Waste-biomass-derived activated carbon 183.7 [37]

Graphene oxide 93.0 [35]

Granular activated carbon 1.2 [14]

Activated palm kernel shell 0.2 [37]

Multiwalled carbon nanotube 5.1 [38]

Corncob biochar-Mt 90.0 [39]

AC 119.7 This work

AC-OH 288.0 This work

Propranolol

Graphene oxide 68.0 [35]

Activated carbon fiber 0.3 [40]

Smectite clay mineral montmorillonite 161 [41]

AC 202 This work

AC-OH 339.0 This work

Table 2. Comparison between photocatalytic degradation of (AT and PR) in this study with other
catalysts reported in the literature.

Catalyst Light Source
Concentration
(mg/L)

Time (h) to
Reach Maximal
Degradation

References

Propranolol
Aeroxide TiO2 P25 Low-pressure mercury lamp 26 3 h (92%) [9]
AC-TiO2 UV-lamp 50 2 h (94%) This work

Atenolol

Degussa P25 TiO2 Xe lamp 15 1 h (100%) [42]
Ag-TiO2 High-pressure mercury lamp 20 0.5 h (92%) [43]
TiO2/Salicylaldehyde-
NH2-MIL-101 Xe lamp 10 1 h (82%) [44]

Quartz fiber–TiO2 High-pressure mercury lamp 0.002 6 h (50%) [45]
Aeroxide TiO2 P25 Low-pressure mercury lamp 80 3 h (87%) [9]
AC-TiO2 UV-lamp 50 2 h (73%) This work

Interestingly, no secondary contamination can be caused by this eco-friendly adsorp-
tion during water treatment. To date, wastewater treatment by adsorption can be used in
full-scale applications, and very effective results are obtained using this method [15,16,46,47].
On the other, to assess the possible environmental impact and the safety of the whole pro-
cess, the absence of toxic effects of the process effluents must be guaranteed. Accordingly,
the adsorption process is more efficient than photodegradation methods.

4. Conclusions

We have compared the adsorption and the photodegradation methods in wastewater
treatment, particularly the removal of pharmaceutical products (AT and PR). In this regard,
biomasses based on date stem were activated and calcinated to prepare an activated carbon
(AC). The AC materials were modified by a hydroxylation strategy to increase the hydroxyl
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groups over the AC surface, resulting in AC-OH. In addition, to ensure the photodegrada-
tion methods, AC was impregnated into TiO2 solution to produce AC-TiO2. The prepared
materials were characterized and tested for the removal of AT and PR. The results show
that the obtained adsorbent exhibited high adsorption capacity for both molecules. The
core of the adsorption mechanism involved interactions such as an electrostatic attrac-
tion between adsorbate pharmaceutical molecules and AC-OH adsorbent in the aqueous
medium. AC-OH regeneration was studied through four adsorption–desorption cycles and
found to have a recovery rate of more than 50% after adsorption. A comparison between
the treatment methods proved that adsorption is more suitable for removing pollutants
from water, as it presents low energy consumption. The study facilitates the preparation of
recyclable and stable adsorbent material for wastewater treatment.
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Abstract: Knowledge about the influence of C:N ratio on the biodegradation process of hydrocarbon
compounds is of significant importance in the development of biostimulation techniques. The purpose
of this study was to assess the impact of nitrogen compounds on the environmental consortium during
the process of biological decomposition of hydrocarbons. The experimental variants represented
low, moderate, and excessive biostimulation with nitrogen compounds. The metabolic activity of the
consortium was tested using the flow cytometry technique. The efficiency of the biodegradation of
hydrocarbons of the consortium, based on the gas chromatography method, and metapopulation
changes, based on the analysis of V4 16srRNA sequencing data, were assessed. The results of the
research confirm the positive effect of properly optimized biostimulation with nitrogen compounds
on the biological decomposition of polycyclic aromatic hydrocarbons. The negative impact of
excessive biostimulation on the biodegradation efficiency and metabolic activity of microorganisms
is also proven. Low resistance to changes in the supply of nitrogen compounds is demonstrated
among the orders Xanthomonadales, Burkholderiales, Sphingomonadales, Flavobacteriales, and
Sphingobacteriales. It is proven that quantitative analysis of the order of Rhizobiales, characterized
by a high-predicted potential for the decomposition of polycyclic aromatic hydrocarbons, may be
helpful during biostimulation optimization processes in areas with a high nitrogen deficiency.

Keywords: microbial community; hydrocarbon biodegradation; biostimulation; next generation
sequencing

1. Introduction

Intensive exploitation of liquid fossil fuels, and the migration of hydrocarbon com-
pounds to the natural environment, have a highly negative influence on terrestrial and
aquatic ecosystems. Due to the high resistance to biodegradation, and the potential for
biomagnification, this pollution is considered to be one of the most serious environmental
threats [1–3]. Due to the complexity of the chemical structure, and the diversity of physi-
cal and chemical properties, individual groups of hydrocarbons differ in bioavailability,
toxicity, and the potential for biological decomposition [3,4].

Many biotic and abiotic factors affect the biological decomposition rate of hydrocarbon
compounds [3–8]. The abiotic factor, i.e., the supply of microelements such as nitrogen,
phosphorus, sulfur, calcium, magnesium, and potassium, is crucial in the functioning of
the cellular metabolism of microorganisms that perform biodegradation processes [9]. In
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contaminated areas, deficiencies in biogenic elements and inhibition of bioremediation
processes may occur very quickly, as a result of an excessive supply of carbon compounds,
and the activity of microorganisms [10]. Research suggests that the share of nutrients,
including the C:N ratio, should be at a level similar to that in live cells. The optimal values
for the C:N ratio are in the range from 100:5 to 100:15 [9,11]. The wide range of the optimal
ratio of these elements may result from the different rates of decomposition of individual
hydrocarbon groups, and the limited bioavailability of biogenic elements, depending on
abiotic and biotic environmental factors [9].

One of the most popular bioremediation technologies, based on the knowledge of
the influence of nutrient supply, is the biostimulation technique. Targeted compensation
of deficiencies in the environmental niche results in metabolic activation of indigenous
microflora, and the improvement of the biodegradation efficiency of xenobiotics. This
compensation may consist of the application of deficient nutrients and electron acceptors,
in the form of both organic and inorganic compounds [12,13]. Many studies prove that
biostimulation is beneficial for effective hydrocarbon degradation [14–16]. A popular
strategy is also to combine bioaugmentation and biostimulation techniques, in order to
maximize remediation effects [12,17,18].

Despite the many advantages of bioremediation technologies, and their widespread
social acceptability, they have a number of limitations. These include the differentiation
of the metabolic potential of microorganisms living in different environments, problems
related to the optimization of the scale of necessary implementations, and the difficulties in
extrapolating the results of tests carried out on a laboratory scale [19,20]. It is emphasized
that, in the case of biostimulation with nitrogen compounds, the excessive supply of
nutrient may negatively affect the efficiency of biological decomposition [21–23].

An innovative context in the improvement and understanding of the mechanisms
of bioremediation processes is the approach to the issues within the field of synthetic
microbiology, assuming a multitude of biotic and abiotic interactions in the microbial
community. According to the assumptions of the synthetic approach, simple interactions
between genotypically different microorganisms may contribute to the creation of prop-
erties that are difficult to predict at the consortium level [20,24,25]. Therefore, there is a
need to acquire and analyze data on the molecular mechanisms of the microbial trans-
formation of hydrocarbon compounds, and the influence of environmental factors and
degradation processes. The aim of this study was to comprehensively assess the effect of
nitrogen compounds on an environmental consortium with high hydrocarbon degradation
potential. Both the enzymatic efficiency and metabolic activity, as well as the overall genetic
potential of individual members of the metapopulation, were taken into account. This type
of analysis allows for the improvement of planning an effective and predictable ecosystem
remediation process.

2. Materials and Methods

2.1. Microbial Consortium Isolation

The environmental consortium with a high potential for biodegradation of hydrocar-
bons was isolated from soil matrix. The soil sample was taken from the area of railway
sleepers impregnation plant in Solec Kujawski (Poland): 53◦04′40.7′′ N 18◦14′23.6′′ E. A
detailed description of the soil sampling site is presented in previous publications [8,26].

The isolation protocol was based on our prior experience [8]. A 10 g sample of the
soil was added into 90 mL of sterile saline, and shaken for 4 h (150 rpm). After the soil
particles sedimented, the obtained supernatant was added to a non-selective nutrient
broth, containing enriched broth (BTL, Łódź, Poland) and a 2% of glucose (Sigma-Aldrich,
Darmstadt, Germany). Bacteria were incubated for 7 days at 25 ◦C in aerobic conditions
provided by continuous shaking (150 rpm). Finally, the biomass was centrifuged (10 min,
4000 rpm), washed twice, and suspended in saline solution. The microorganism suspension
was normalized to OD600 = 0.7 (Helios Delta Vis, ThermoFisher Scientific, Waltham, MA,
USA), and used as inoculum for the biodegradation experiments.
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2.2. Experimental Design

The biodegradation experiment was performed in flasks equipped with septum and
vent caps with a semi-permeable DURAN® membrane, in order to ensure the best oxy-
genation of the culture medium. Each experimental flask included 50 mL of mineral
medium described in our previous studies [8], 2 g of diesel oil (PKN Orlen, Płock, Poland),
and 250 μL of optimized microbiological inoculum. Casein peptone (Merck, Darmstadt,
Germany) was used as the nitrogen source (Table 1). According to the manufacturer’s
declarations, the total amount of nitrogen was 14%, of which 4% was the amine nitrogen
fraction. Based on the literature data, the nitrogen content in diesel fuel was assumed to be
0.13% [27], and the carbon to nitrogen ratio was assumed to be as 10:1 [11]. Biodegradation
was carried out for 168 h at 25 ◦C. The aerobic conditions were provided by continuous
shaking (150 rpm). The experiment was performed in three replicates.

Table 1. Characteristics of the experimental variants.

Designation Estimated C:N Ratio Experimental Variant Description

NP0 No nitrogen supplementation (control sample)
NP1 1:1 Low nitrogen supplementation
NP2 10:1 Moderate nitrogen supplementation
NP3 30:1 Excessive nitrogen supplementation

2.3. Hydrocarbon Biodegradation Analysis

The assessment of the loss of individual groups of hydrocarbons was performed after
24, 72, and 168 h of biodegradation, and expressed as a share of the concentration of hydro-
carbons directly after inoculation. Gas chromatography, coupled with mass spectrometry
(GC–MS), was used for the measurements. The detailed method of extracts preparation
and analysis conditions are described in a previous publication [8].

2.4. Metabolic Activity Analysis

In order to evaluate the metabolic population during the biodegradation process,
expressed as the redox potential of microbial cells, the method of flow cytometry was
used. The bacteria samples were taken after 24 h and 168 h of biodegradation, and stained
using BacLight™ RedoxSensor™ Green Vitality Kit (Thermo Fisher Scientific, Waltham,
MA, USA). The negative control sample consisted of metabolically inactive, thermally
inactivated dead bacteria cells. The analysis protocol was based on the manufacturer
instructions, and described in detail in our previous publication [26]. The percentage of
the population with high and low metabolic activity was calculated by gating the dot plots
of the median fluorescein isothiocyanate fluorescence intensity signals (FITC-A) versus
the median signals of the side scatter parameter (SSC-A). The following groups were set:
metabolically inactive cells (Q1), metabolically active cells (Q2), and artifacts (Q3 and Q4).

2.5. Genetic Analysis of Microbial Population
2.5.1. DNA Isolation

The isolation of genomic DNA was performed using the Genomic Mini AX Bacteria
Spin kit (A&A Biotechnology, Gdańsk, Poland). All isolation steps were conducted accord-
ing to the protocol provided by the manufacturer. The samples were taken after 168 h of the
biodegradation process. The isolation efficiency was controlled by the fluorimetric method
on the Qbit 3.0 device, using the Qubit™ dsDNA HS Assay Kit (ThermoFisher Scientific,
Waltham, MA, USA). For each sample, three DNA extractions were carried out. Lastly,
samples were mixed together, after a positive quantification.
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2.5.2. NGS Sequencing

For microbial population taxonomy analysis, the V4 region of the 16SrRNA was
amplified, based on the 515F-806R primers designed by Caporaso et al. (2012) [28]. The
PCR details were optimized, and described in a previous publication [8].

Sequencing of the obtained amplicons was performed on the MiSeq platform (Illumina,
CA, USA). The construction of amplicons and libraries normalization protocol is described
in a previous work [26].

2.5.3. Bioinformatic Analysis

The output sequencing data were analyzed using the CLC Genomics Workbench
8.5, with the CLC Microbial Genomics Module 1.2 software (Qiagen, Hilden, Germany).
Readings were trimmed, demultiplexed, and paired ends were joined. Then, the chimeric
readings were identified and removed. The data were clustered independently against two
reference databases at 97% similarity of operational taxonomic units (OTU). The SILVA v119
database [29] was used for taxonomy annotation and biodiversity analysis, and the Green-
Genes 13.5 database [30] was used for PICRUSt analysis. Selected biodiversity indices were
determined: OTU number, Simpson’s index, and phylogenetic diversity. Raw sequence
data were deposited in the Sequence Read Archive (SRA) as project no. PRJNA831882.

In order to better characterize the analyzed microbiome, a linear discriminant analysis
(LDA) effect size (LEfSe) [31] was performed. It allowed for the identification and selection
of the most differentially abundant taxa. The microbial biomarkers that best describe the
differences between the groups differing in the level of supplementation with nitrogen
compounds were assessed. The following groups were determined: deficiency of nitrogen
compounds: variants NP0 and NP1; and no deficiency (sufficient level: variants NP2 and
NP3). LDA was coupled with effect size measurements: a non-parametric Kruskal–Wallis
rank-sum test (p < 0.05), and the Wilcoxon rank-sum test (p < 0.05). A threshold of 3.5 for
the logarithmic LDA score for discriminative attributes was established as the cut-off value.

2.5.4. PICRUSt Analysis

In order to evaluate the bacterial functional composition in the analyzed samples,
the bioinformatic tool PICRUSt v. 1.1.1 was used. This algorithm is widely used in
environmental studies to analyze functional assessment of bacteria communities in different
environments (soil, sediments, wastewater etc.) [32–38]. The predictions of functional
composition of metagenomes were performed on the basis of sequencing data clustered
against GreenGenes 13.5, and reference bacterial genomes deposited in the IMG database.
The detailed algorithm’s mode of action is described in a publication of its authors [39].
Based on the analysis, data on the predicted prevalence of 6009 KEGG Orthology IDs (KO
IDs) participating in the degradation of polycyclic, aromatic hydrocarbons were obtained.
It was assessed which OTU contributed to particular functions. Quality control of the
PICRUSt prediction was performed according to the algorithm authors advices. The
genome coverage was calculated for all samples using a weighted-Nearest Sequenced
Taxon Index (NSTI) score [39].

2.6. Statistical Analysis

Statistical analysis of the results were accomplished using Statistica v 13.0 software
(StatSoft, Kraków, Poland). The processed results were presented in the graphical form
as the mean value and the standard deviation. To achieve the objective of verification
the hypothesis, the non-parametric tests were applied: Kruskal–Wallis test (α = 0.05), and
Mann–Whitney test (α = 0.05).

3. Results

3.1. Hydrocarbon Biodegradation

The analysis of the biodegradation kinetics shows no significant influence of low and
moderate levels of biostimulation (NP1 and NP2) on the distribution of most hydrocar-
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bon fractions: total petroleum hydrocarbons (TPH), alkanes, aromatic, and polyaromatic
hydrocarbon compounds (Figure 1). The exception is the fraction of polycyclic aromatic
hydrocarbons (PAH), where a statistically significant improvement in the effectiveness of
biological decomposition is found in the variants with low and moderate levels of nitrogen
supplementation (by 10.8% in the NP1 variant, and 15.2% in the NP2 variant, respectively)
(Figure 1D). Among all the analyzed groups of hydrocarbon compounds, the inhibitory
effect of excessive supplementation with nitrogen compounds is noted. The strongest
biodegradation inhibition is noted in the case of PAH, with only 13.9% of this fraction of
hydrocarbon compounds degraded after 7 days.

Figure 1. Biodegradation kinetics of selected hydrocarbon fractions: TPH (A), alkanes (B), aromatic
compounds (C), and PAH (D) in the experimental variants.

3.2. Microbial Activity

Cytometric analysis shows no significant effect of low and moderate doses of nitrogen
on the metabolic activity of microbial cells after 24 h of the biodegradation process. In
the variant NP3 (excessive biostimulation), a 5.6% decrease in metabolic activity is noted
(Figure 2).

The second assessment of metabolic activity, carried out after 168 h of the experiment,
shows significant, but slight, changes in the variants NP2 and NP3 (Figure 3). The moderate
level of biostimulation (NP2) has a positive effect on the activity of microorganisms (3.2%
increase, compared to the control sample). Moreover, excessive biostimulation (NP3)
causes a significant decrease in microbial activity (by 17.6%, compared to the control
sample) (Figure 3).
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Figure 2. Cytometric analysis of microbial metabolic activity in experimental variants after 24 h
of biodegradation. The metabolically active population (Q2) is marked in green, the metabolically
inactive population (Q1) is marked in purple.

Figure 3. Cytometric analysis of microbial metabolic activity in experimental variants after 168 h
of biodegradation. The metabolically active population (Q2) is marked in green, the metabolically
inactive population (Q1) is marked in purple.
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3.3. Biodiversity Analysis

The results of the selected biodiversity coefficients analysis are presented in Table 2.
Excessive levels of biostimulation (NP3) contribute to a significant decrease in biodiversity
(OTU number, Simpson’s index, and phylogenetic diversity). In other experimental variants,
no significant differences are noted.

Table 2. Microbial biodiversity coefficients in the analyzed variants after 168 h of the
biodegradation process.

Diversity Index NP0 NP1 NP2 NP3

OTU number 96 ± 4 101 ± 5 100 ± 2 85 ± 4
Simpson’s index 0.85 ± 0.02 0.84 ± 0.02 0.84 ± 0.01 0.79 ± 0.02

Phylogenetic diversity 4.41 ± 0.07 4.57 ± 0.11 4.43 ± 0.08 4.26 ± 0.07

The analysis of the taxonomic structure of bacterial populations shows significant
differences between the variants characterized by a low level of nitrogen compounds (NP0
and NP1), and the variants in which the amount of these compounds is at the optimal, and
over-optimal, level (NP2 and NP3). In the samples with the levels of nitrogen compounds
below the optimal concentration, the domination of the Sphingobacteria (26% for NP0
and 25% for NP1) and Alphaproteobacteria (24% for NP0 and 27% for NP1) is noted.
The variants with a lower ratio of carbon to nitrogen show a much higher abundance of
the Gammaproteobacteria (39% for NP2 and 41% for NP3) and Betaproteobacteria (24%
for NP2 and 28% for NP3). A detailed taxonomic analysis is presented in Figure 4. It
should be mentioned that the share of the orders Sphingobacteriales and Xanthomonadales
decreases significantly in variants with optimal and excessive levels of nitrogen compounds.
The Burkholderiales order shows the opposite trend. Moreover, excessive biostimulation
contributes to a large decrease in the share of the Pseudomonadales and Rhizobiales orders,
compared to the trials with optimal, or suboptimal, supplementation.

Figure 4. The relative abundance of the bacterial orders in the experimental variants after 168 h of
the biodegradation process. Taxa with relative abundance below 1% are excluded from the analysis.

The linear discriminant analysis effect size (LEfSe) allows for the selection of the most
differentially abundant taxa between a deficient nitrogen level and a sufficient nitrogen
level in experimental variants. (Figure 5). The taxa particularly responsive to changes in the
supply of nitrogen compounds include Gammaproteobacteria and Betaproteobacteria, as
well as the orders Xanthomonadales, Burkholderiales, Sphingomonadales, Flavobacteriales,
and Sphingobacteriales.
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Figure 5. The linear discriminant analysis effect size (LEfSe) analysis of predicted microbial taxa in
deficient-nitrogen-level (red) and sufficient-nitrogen-level (green) samples.

3.4. Prediction of Metabolic Properties

The analysis of the predicted metabolic potential for the degradation of PAH com-
pounds in individual bacterial taxa is presented in Figure 6. In all experimental variants,
the orders of Sphingobacteriales and Rhizobiales are characterized by a high-predicted
representation of genes encoding enzymes involved in PAH biodegradation.

Figure 6. The relative predicted abundance of genes participating in PAH degradation in microbial
orders in analyzed experimental variants.

4. Discussion

Biostimulation is considered a promising method of supporting hydrocarbon biodegra-
dation processes, by eliminating element deficiencies, mainly nitrogen and phospho-
rus [12,14–16]. Biostimulation can be combined with bioaugmentation techniques, which
use microorganisms characterized by a high biodegradation potential, in both single strain
and consortia. These microorganisms are often isolated from permanently contaminated
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environments, and they are well described in the literature [12,17,18]. Methods using the
enzymatic potential of microbes are considered effective for the degradation of most hy-
drocarbon fractions. However, there are some limitations in the effective decomposition of
aromatic compounds, which belong to the fraction that is extremely resistant to biological
degradation [40–42]. Similar conclusions are noted in our research, where the aromatic and
polyaromatic fractions are the group of compounds most difficult to decompose. The con-
ducted experiment confirms the increase in the efficiency of biological decomposition of the
most problematic fraction, PAH, under the influence of low and optimal supplementation
with nitrogen compounds (NP1 and NP2 variants). Interestingly, excessive biostimulation
contributes to the inhibition of biological decomposition of all analyzed fractions of hydro-
carbon compounds. Similar trends are mentioned in other studies [43,44]. Uncontrolled
biostimulation can be counterproductive in the context of hydrocarbon remediation.

The decrease in biodegradation efficiency due to the excessive supply of nitrogen
compounds is associated with a decrease in metabolic activity, which is noted both after
24 h (by 3.2%) and after 168 h (by 17.6%) of the experiment. The toxic effect of excessive
concentrations of nitrogen compounds on the population of microorganisms could be
related to the progressive accumulation of their metabolism products, such as ammonia
and ammonium ions, or its oxidation products—nitrates. The phenomenon of the toxicity
of ammonia and ammonium ions is very well characterized in the context of the impact
on higher organisms, while, in the field of microbiology, this topic still requires detailed
research [45]. Moreover, the research by Leejeerajumnean et al. (2000) shows that mi-
croorganisms can differ significantly in the level of tolerance to the action of ammonia
compounds [46]. This fact may be related to the decrease in alpha-biodiversity observed in
the NP3 variant, which suggests the presence of an important selection factor. It is believed
that microbial populations have a relatively high metabolic flexibility and functional re-
dundancy; however, they react relatively quickly, with a change in taxonomic structure, to
the action of variable, selective environmental factors [47]. This phenomenon is confirmed
in the conducted genetic analyzes. Changes in the dominant bacterial classes in variants
with a moderate and high supply of nitrogen compounds (NP2 and NP3) are observed.
There is a dominance of the Gammaproteobacteria and Betaproteobacteria classes, as well
as the Xanthomonadales and Burkholderiales orders, which suggests that these classes
and orders are particularly important during the population response to changes in the
supply of nitrogen compounds. Similar trends are observed in an earlier study [48]. The
researchers find an increase in the share of Gammaproteobacteria and Xanthomonadales in
soils subjected to a long-term fertilization process with nitrogen compounds. Therefore, it
can be assumed that these changes are not accidental.

It can be also postulated that those dominant taxa, which are also the most differentially
abundant between deficient and sufficient nitrogen variants, such as Xanthomonadales and
Burkholderiales, are more competitive than the other bacteria groups in the use of nitrogen
compounds. In an earlier study, Sun et al. (2021) emphasize that long-term exposure to
nitrogen compounds results in the dominance of microbial groups associated with ureolysis,
and the nitrification and denitrification processes. It is found that the microbial groups that
harbor the same or similar functional genes involved in nitrogen use can coexist together.
This functional redundancy is well described in the literature, and it is believed that it may
increase the stability of microbial metapopulations in the long term [49].

The LEfSe analysis identifies the most significant taxonomic differences between two
classes of nitrogen supply (deficient and sufficient). The Xanthomonadales, Burkholderiales,
and Sphingomonadales orders may be of key importance in the biological degradation
of hydrocarbon fractions in environments with a periodically variable supply of nitrogen
compounds, as well as in intensive biostimulation technologies. However, due to their high
sensitivity to the variability of environmental parameters, this groups of microorganisms
should not play a bioindicative role.

PICRUSt analysis reveals that the Sphingobacteriales and Rhizobiales orders have
a high genetic potential for biodegradation of the PAH fraction. The nitrogen-fixing
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Rhizobiales order seems to be particularly important. The decrease in its share in the NP3
variant, found after 168 h of biodegradation, can be related to the reduced degradation
efficiency of PAH. The biodegradation potential of PAH by microorganisms belonging to
the Rhizobiales order is described in the literature. It is believed that Rhizobiales effectively
support the process of PAH bioremediation in environments with a deficiency of nitrogen
compounds, due to the activity of genes responsible for nitrogen binding [50]. It can be
suggested that the quantitative analysis of the Rhizobiales order is helpful in estimating the
effectiveness of PAH natural attenuation in areas with a deficiency of nitrogen compounds,
and the validity of bioremediation techniques supported by biostimulation. However, it
should be mentioned that the process of biological decomposition of polycyclic aromatic
hydrocarbons is a complex process. Many studies indicate the importance of cometabolism
and metapopulation interactions in the degradation of this group of xenobiotics [51–53].
Therefore, it is not possible to indicate only one group of microorganisms that clearly
determines the effectiveness of biological decomposition of PAH.

Based on the current knowledge, it is difficult to make any hypotheses regarding the
mechanisms that drive the observed population changes of microorganisms and modifi-
cations of the genetic pool in the context of the biological decomposition of hydrocarbon
compounds, including PAH. However, it should be emphasized that properly optimized
supplementation with nitrogen compounds has a positive effect on the processes of hy-
drocarbon remediation, if the dose of the biostimulator is optimally selected. Careless
application of nitrogenous substances above optimal levels may contribute to the inhibition
of biodegradation processes.

5. Conclusions

A properly optimized technology of biostimulation with nitrogen compounds may
show a beneficial effect on the biological degradation of one of the most difficult to decom-
pose fractions—PAH. However, excessive supplementation with nutrients may reduce the
efficiency of the process, due to decreased metabolic activity of microorganisms and lower
biodiversity. Changes in the C:N ratio result in a disturbance of the taxonomic structure of
the bacteria population. It also affects the genetic potential of the metapopulation for the
PAH degradation. Microorganisms belonging to the Xanthomonadales, Burkholderiales,
Sphingomonadales, Flavobacteriales, and Sphingobacteriales orders have a high predicted
potential for PAH biodegradation, and show a high quantitative fluctuation under the influ-
ence of nitrogen compounds. It can be suggested that the design of a molecular diagnostic
test allowing the assessment of the genetic potential of environment by biostimulation,
or bioaugmentation supported by biostimulation, should be based on a comprehensive
analysis of many groups of microorganisms. Moreover, this analysis should take into
account the observed possibility of fluctuations in the shares of the taxa mentioned above.
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Abstract: The liquid fraction from the two-phase extraction process in the olive industry (alperujo),
is a waste that contains lignocellulosic organic matter and phenolic compounds, difficult to treat by
conventional biological methods. Lignocellulosic enzymes from white-rot fungi can be an interesting
solution to break down these recalcitrant compounds and advance the treatment of that waste. In
the present work the ability of Phanerochaete chrysosporium to degrade the abovementioned liquid
waste (AL) was studied. Experiments were carried out at 26 ◦C within the optimal pH range 4–6
for 10 days and with and without the addition of glucose, measuring the evolution of COD, BOD5,
biodegradability index, reducing sugars, total phenolic compounds, and colour. The results obtained
in this study revealed the interest of Phanerochaete chrysosporium for an economical and eco-friendly
treatment of alperujo, achieving COD and colour removals around 60%, and 32% of total phenolic
compounds degradation, regardless of glucose addition.

Keywords: alperujo; olive mill waste; bioremediation; Phanerochaete chrysosporium; fungal treatment

1. Introduction

The Mediterranean region is the main producer of olive oil, concentrating more than
95% of the world’s olive trees. Within this area, Spain represents around half of total world
manufacturing, considering this industry as one of the most important agri-food sectors
for this country [1,2].

Presently, the main industrial process to obtain olive oil is continuous extraction
by two-phase or three-phase systems. Depending on the oil extraction system used,
considerable amounts of solid and liquid waste as final products are generated. Although
the three-phase extraction process mainly generates alpechin and pomace as final residues,
the main waste stream from two-phase extraction system is the alperujo (AL) [3]. The
pomace is a solid waste composed of the pulp and pits of the olive, commonly employed
as fertilizer, biofuel production, or animals feed. The alpechin corresponds with the liquid
effluent, composed of water and minerals and characterized by a high organic matter
load. This waste stream is considered, together with the AL, a highly polluting residue, for
which reuse is not an easy task so its revalorization is still being investigated [4,5]. Due to
the global increase of olive oil demand, the excessive amount of waste streams generated
throughout the olive oil industry is a growing problem that poses an environmental
challenge [6].

In Spain, the two-phase olive oil extraction system is used in approximately 90% of
olive mills [4]. The application of this extraction system generates about 800 kg of AL per
ton of processed olive, which represents an annual production of around four million tons
for the Spanish oil industry [3]. The AL obtained is a semi-solid waste stream composed
of vegetable water and olive pomace with high moisture content (60%) that still contains
a certain amount of oil [7]. The AL is subjected to a second centrifugation, to obtain a
pomace oil. The resulting residue is usually dried in rotary heat dryers at high temperatures
and the by-product is subjected to an extraction with hexane to recover more oil, which
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requires a large amount of energy and incurs high costs [8,9]. Dried or wet AL can also be
used in composting processes. However, due to its low porosity, the addition of bulking
agents such as bark chips or cotton gin is necessary [9,10]. In addition, its high content
of lignocellulosic compounds and polyphenols, which are toxic to animal cells, plants,
insects, and microorganisms, is an important drawback [11]. Discharging these wastes
without treatment would cause serious damage to aquatic systems, such as the reduction of
soluble oxygen. Furthermore, its strong odour would also cause serious problems for the
population living near the discharge area [12,13]. Therefore, the removal of the pollutant
compounds of the AL, and therefore favouring of the subsequent biological/physical
treatment, is one of the main problems that the olive oil industry must confront.

The literature has been mainly focused on the treatment of olive mill wastes coming
from the three-phase extraction system, with the aim of removing the organic and phenolic
compounds and improving the biodegradability of the effluent. Regarding biological
methods, anaerobic digestion or aerobic activated sludge processes have mainly been
applied for the treatment of olive mill wastewater (OMW). However, these methods are
not usually applied directly to the effluent due to the presence of recalcitrant molecules,
polyphenols, the low nutrient load, and the acidic pH of the waste, which make treatment
difficult [14]. Previous studies have reported an improvement in the efficiency of these
processes reducing the acidity, adding nutrients such as cobalt, or extracting polyphenols
before biodegradation [15]. Due to the high level of antimicrobial compounds present in
OMW, the acclimatization of biomass or the use of physical CaCO3 supports has also been
required to improve the biodegradation and methanization process [16]. Therefore, the
traditional biological methods are not as effective as would be desirable. Physical–chemical
methods such as nanofiltration, ultrafiltration, ultrasound, hydrothermal carbonization,
and different advances oxidation processes have been reported for the treatment of OMW
reducing its chemical oxygen demand (COD) and phenol content [17,18]. However, these
techniques have several drawbacks, such as the addition of chemicals, fouling of the
membrane, and high pressure and temperature conditions [5]. Therefore, the search for
alternative methods that allow the treatment of OMW and AL in an economic and eco-
friendly way is crucial.

The use of fungi has been described as a promising alternative over the use of bacteria
for OMW treatment due to its ability to grow under adverse conditions and to produce a
great variety of extracellular enzymes that make possible the degradation of recalcitrant
compounds [19]. In this way, fungi can break down the complex recalcitrant compounds
making them more assimilable to be used by themselves or by the bacteria in a subsequent
treatment [20,21]. The OMW treatment by fungi has mainly focused of removing COD,
phenolic content, and colour, as well as obtaining by-products with biotechnological
interest, such as fungal enzymes [22,23]. White-rot fungi can degrade the lignin present
in lignocellulosic wastes due to the release of enzymes, mainly lignin peroxidase and
manganese peroxidase [24]. These fungi have been investigated for the treatment of
recalcitrant compounds and colour degradation of OMW, obtaining good results. For
example, Ntougias et al. [25], who studied the capacity of several strains of Pleurotus and
Ganoderma fungi to treat OMW, reported significant removals of COD, TOC, and phenolic
compounds, as well as a reduction of the toxicity of the effluent. COD degradations
around 50% have been achieved by the fungus Phanerochaete chrysosporium immobilized
on loofah [26]. Great removals of colour, phenolic compounds and COD have also been
obtained when OMW was treated with fungi from genus Aspergillus [22,27].

As far as we know, the bioremediation with fungi has been mainly applied to treat
OMW or pomace coming from the three-extraction system. However, its application
to AL waste, obtained from the two-phase extraction system, has been hardly studied.
Therefore, the main objective of this study was to investigate the capability of the white-
rot fungus Phanerochaete chrysosporium to treat AL waste, to reduce its COD, colour, and
phenolic compounds.
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2. Materials and Methods

2.1. Sample Description

The AL used for this work corresponds with the semi-solid effluent generated during
olive oil extraction by a two-phase extraction system. The sample was collected from an
olive oil factory sited in Sevilla, Spain. For the fungal treatment, the sample was mixed
with distilled water in a ratio 1:20 (p/v). The mix was filtered using a 1.5 mm mesh sieve to
remove the rest of the peel and pit of the olives. After that, the effluent was centrifuged for
10 min at 9000× g and the supernatant was filtered by a cellulose filter (10–20 μm). This
diluted AL was used for the subsequent fungal treatments. The characteristics of diluted
AL are shown in Table 1.

Table 1. Characteristics of the diluted AL.

Parameter Value

pH 4.6 ± 0.01
sCOD (mg O2/L) 4854 ± 19
sBOD (mg O2/L) 408 ± 14

Biodegradability Index (B.I.) 0.080 ± 0.003
Reducing sugars (mg/L) 578 ± 24

Total phenolic compounds (mg/L) 134 ± 4
Colour index (C.I.) 1.60 ± 0.04

Total Suspended Solids (mg/L) 2475 ± 21
Fixed Suspended Solids (mg/L) 375 ± 12

Volatile Suspended Solids (mg/L) 2100 ± 28

2.2. Fungal Pellet Obtention

The white-rot fungus, Phanerochaete chrysosporium Burdsall 1974 was used. The freeze-
dried strain (CECT 2798 from Spanish Type Culture Collection) was recovered in aseptic
conditions by adding 100 μL of the resuspended fungus to 10 mL of malt extract (ME). Then,
a Petri plate of 1.5% malt extract agar (MEA) was inoculated with 100 μL of this suspension
and incubated at 26 ◦C for 6 days. Two subcultures of the fungus were necessary before
use in the biological treatment. Fungal subcultures were routinely made every month to
conserve the strain.

The methodology described by Díaz et al. [28] was followed to obtain the fungus
pellets. To this aim, five cylinders of 1 cm diameter from the growing zone of inoculated
plates were used to inoculate 500 mL Erlenmeyer flasks containing 150 mL of sterilised
malt extract broth (VWR Chemicals BDH), with a pH between 4.5 and 5. The inoculated
flasks were incubated at 26 ◦C and 135 rpm for 6 days. The fungal mycelial obtained after
this process was separated with a sieve and homogenized with 0.8% NaCl (w/v) in a ratio
of 1:3 (w/v). An amount of 600 μL of resulting suspension was used to inoculate a 1 L
Erlenmeyer flask with 250 mL of sterilised ME. Finally, the inoculated ME was incubated
at 26 ◦C and 135 rpm for 6 days. After that time, pellets were obtained, removed with a
sieve, and preserved in 0.8% NaCl (w/v) solution at 4 ◦C until use.

2.3. Fungal Treatment

Several batch tests were carried out to treat diluted AL with P. chrysosporium. All the
experiments were performed using 1 L Erlenmeyer flask with 250 mL of AL effluent.

• Test E1 and E2 were inoculated with the fungus pellet (3 g/L of dry matter), with the
only difference that E2 was supplied with 3 g/L of glucose.

• Test C1 and C2 were used as control without fungus inoculation, without and with
glucose addition, respectively.

The flasks were incubated at 26 ◦C and in an orbital shaking (150 rpm) for 10 days.
During the treatment, the pH values were maintained within the range 5–7 by adding
NaOH 0.5 M or HCl 0.5 M to ensure the optimal range for the fungus enzymatic system.
Samples taken periodically were centrifuged at 15,000× g for 15 min and the supernatant
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were conserved at 4 ◦C until analysed. The experiments were carried out in duplicate. Data
shown in Results and Discussion section are the average values of both experiments. In all
cases, standard deviations were lower than 15% with respect to average value.

2.4. Analytical Methods
2.4.1. Determination of sCOD, sBOD5, and Biodegradability Index

The concentration of soluble COD (sCOD) was spectrophotometrically measured
(at 600 nm) by dichromate method according to Standard Methods [29], using a DR2500
spectrophotometer (Hach Company). Soluble biochemical oxygen demand (sBOD5) was
determined using a manometric respirometry measurement system (Lovibond Water
Testing BD 600) and biodegradability index (BI) was calculated as the ratio of sBOD5
over sCOD.

2.4.2. Determination of Colour and pH

The change in the colour of the AL was determined by means of the colour index (CI),
which is defined according to Equation (1) [30].

CI =
SAC2

436 + SAC2
525 + SAC2

620
SAC436 + SAC525 + SAC620

(1)

Spectral absorbance coefficients (SAC) are defined as the ratio of the values of the
respective absorbance over the cell thickness. The absorbances were measured at 436, 525
and 620 nm using a UV/vis spectrophotometer (Thermo Scientific, Heλios γ). The value of
pH was measured by means of a pH-meter (Basic-20 Dilabo).

2.4.3. Determination of Total Reducing Sugars

The total reducing sugars concentration was determined by the dinitrosalicylic acid
(DNS) method with glucose as standard, according to the Miller’s method [31]. The
absorbance of samples was measured at 540 nm. The glucose was used as standard.

2.4.4. Determination of Total Phenolic Compounds

The total phenolic compounds were determined by the Folin–Ciocalteu method in
dark conditions, according to Moussi et al. [32], using gallic acid as standard. In this
procedure, 400 μL of sample were mixed with 3 mL of Folin–Ciocalteu reagent (previously
diluted 1:10 with distilled water). This mixture was maintained at 22 ◦C for 5 min. After
that, 3 mL of sodium bicarbonate (NaHCO3 6 g/100 mL) were added, and the sample was
again incubated at 22 ◦C for 90 min. After incubation, the absorbance was measured at
725 nm.

2.4.5. Determination of Moisture, TSS, FSS, and VSS

Total suspended solids (TSS), fixed suspended solids (FSS) and moisture were mea-
sured according to Standard Methods [29]. The volatile suspended solids were calculated
as the difference between TSS and FSS.

3. Results and Discussion

3.1. Removal of Organic Matter

The evolution of sCOD concentration during the fungal treatments is shown in
Figure 1.

The initial sCOD value in the AL effluent was 4854 mg/L, which increased to 9243 mg/L
after glucose addition. For C1 and C2 test, which were carried out without fungal inoc-
ulation, minor sCOD removals were observed. This degradation was carried out by the
endogenous microbiota present in the effluent. With respect to test C1, no change was
observed during the first two days and a 27% elimination of sCOD was achieved after
four days of incubation. Afterwards, the sCOD value remained almost constant, reaching
a final sCOD degradation of 30%. In the case of C2, where glucose where added, sCOD

104



Appl. Sci. 2021, 11, 9930

degradation did not occur until the 4th day. The final percentage of sCOD removal was
similar to that achieved with C1. However, it is necessary to point out that in C2 the final
sCOD concentration was higher than the sCOD of AL before being supplemented with
glucose. Therefore, the endogenous microorganisms were not able to assimilate even the
sCOD provided by glucose added.

Figure 1. Changes in sCOD concentration during biological treatment. The dashed lines shown the
non-inoculated tests C1 (�) and C2 (�), used as controls. The solid lines shown the inoculated tests
E1 (•) and E2 (•). The standard deviation (SD) of the experimental data were in all cases less than
6.5% of mean value.

The addition of P. chrysosporium in E1 and E2, caused a fast decrease in sCOD from the
beginning of the treatment, obtaining sCOD removals of 51% and 59%, respectively, after
10 days of treatment. In the experiment E1, carried out without the addition of glucose,
61% of the initial sCOD was degraded in only 4 days of treatment, which duplicate the
degradation efficiency reached in C1 by endogenous microorganisms. Thus, the fungal
inoculation gave an average rate of sCOD degradation of 0.51 mg/(L min) during the first
4 days, whereas the average rate in C1 was only 0.22 mg/(L min). Regarding test E2, again
higher sCOD removals were obtained compared with the non-inoculated test C2. As in E1,
the inoculation of the fungus duplicated the sCOD removal rate, which increased up to
0.61 mg/(L min) during first 8 days, whereas in C2 it was only of 0.27 mg/(L min).

To estimate the fungus growth, the TSS at the beginning of the experiments and after
10 days were measured. Data are shown in Table 2.

Table 2. TSS for control (C1 and C2) and inoculated (E1 and E2) tests at initial and final times of the
fungal treatment.

Sample Initial TSS (g/L) Final TSS (g/L) Increase (g/L)

C1 2.47 ± 0.01 3.06 ± 0.01 0.61 ± 0.01
E1 6.87 ± 0.01 8.21 ± 0.01 1.34 ± 0.01
C2 2.47 ± 0.01 5.16 ± 0.01 2.71 ± 0.01
E2 6.87 ± 0.02 10.16 ± 0.02 3.29 ± 0.02

As can be seen, in the control tests (C1 and C2), the supplementation with glucose
increased the growth of the endogenous microbiota. Moreover, in the inoculated tests (E1
and E2), the TSS increases were higher than in the controls, which can be explained by the
fungus growth. Comparing the increase in TSS observed in controls and inoculated tests, it
can be estimated that fungus growth was similar in E1 and E2, around 0.6–0.7 g/L (dry
matter), which is in agreement with the fact that final sCOD removals were also similar.
Therefore, in this case, the addition of glucose was not effective for the AL treatment.

105



Appl. Sci. 2021, 11, 9930

Results for sCOD removals here obtained were higher than have been previously
reported. Aloui et al. [33], reported that a 44% of COD removal was achieved by a
solid-state fermentation of AL using P. chrysosporium in a support of sugarcane bagasse.
Ahmadi et al. [26] achieved a COD degradation around 50% using this fungus immobilized
on loofah. Nogueira et al. [34] reported COD removals efficiencies lower than 44% for P.
chrysosporium for an OMW pre-treat by photocatalytic oxidation.

The initial concentration of sBOD5 was 408 mg/L, with a biodegradability index
of 0.08 (See Figure 2), which means that AL effluent has very low biodegradability. In
the experiments C2 and E2, the initial biodegradability index (BI) was higher (0.13), as a
consequence of the glucose addition.

Figure 2. Changes in sBOD5 concentration and biodegradability index for the different experiments
at initial, intermediate, and final time of the treatment. Bars corresponds with sBOD5 concentration
for non-inoculated tests C1 (�) and C2 (�), and inoculated tests E1 (�) and E2 (�). The dashed lines
shown the biodegradability index (BI) for non-inoculated tests C1 (�) and C2 (�), used as controls,
whereas the solid lines represent the inoculated tests E1 (•) and E2 (•).

In all cases, the sBOD5 concentration decreased throughout the fungal treatment,
with final values lower than 100 mg/L. Moreover, the BI decreases with the treatment
since biodegradable matter was consumed. The P. chrysosporium inoculated in E1 and
E2 released enzymes able to break down recalcitrant organic matter into compounds
more biodegradable. However, the fungus, as well as the endogenous microorganisms,
consumed these compounds as they were produced, reducing the sCOD, the sBOD5, and
the BI. Regardless, the addition of the fungus gave final BI higher than in the controls, even
though it was low. If the enhancing of biodegradability were the objective, for example, as
the previous step for the biomethanization process, an alternative could be to directly use
the enzymes produced by the fungus instead of inoculating the fungus strain. In this way,
the recalcitrant compounds present in the AL effluent could be broken down without the
fungus using this organic matter as a nutrient source [35,36]. A sterilisation process may
also be necessary to inactivate the endogenous microflora.

The evolution of reducing carbohydrates has been also measured, and results are
shown in Figure 3. The reducing sugar concentration of the initial sample was 563 mg/L,
and the ratio sBOD5/reducing sugars was 0.7, indicating that a great part of the sBOD5
measured is due to the reducing sugars. As expected, in the samples supplemented
with 3 g/L of glucose, the initial concentration increased until 3662 mg/L. For the non-
inoculated sample C1, the amount of reducing sugars remained practically stable during the
treatment. In contrast, the inoculated samples (E1 and E2) showed a significant decrease in
the reducing sugars concentration, with final values of 176 and 140 mg/L, respectively. The
initial reducing sugars concentration dropped abruptly in the experiments supplemented
with glucose, especially in the one that had been inoculated with the fungus. In this sense,
all the glucose that was practically added to test E2 was consumed during the first 24 h,
whereas in the supplemented control (C2), the amount of reducing sugars dropped from
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3663 mg/L to 1772 mg/L in 24 h, and afterwards remained almost constant, indicating that
the endogenous microbiota was not able to degrade all the glucose added. Although the
enzymatic activities of the fungus were not measured in this study, the literature has widely
reported that the addition of glucose favours the synthesis of fungal enzymes, which in
turn are related to the elimination of colour, COD and recalcitrant compounds [37–40]. This
fact was reflected in E2, which showed a rapid degradation of reducing sugars, whereas
sCOD removal was slower. Probably the fungus decomposed recalcitrant compounds that
increased sCOD and, simultaneously, consumed them.

Figure 3. Changes in reducing sugars concentration during biological treatment. The dashed lines
shown the non-inoculated tests C1 (�) and C2 (�), used as controls. The solid lines shown the
inoculated tests E1 (•) and E2 (•). The standard deviation (SD) of the experimental data were in all
cases less than 11% of mean value.

3.2. Removal of Phenolic Compounds

The concentration of total phenolic compounds in the initial AL effluent and in AL
effluent after fungal treatment was analysed. The phenolic compounds cause severe
pollution of surface and ground water, soils, and vegetation. Its presence has a negative
effect on microorganisms due to its high antibacterial activity [35,36].

As is shown in Figure 4, the best efficiencies of phenolic compound removal were
reached with the inoculation of P. chrysosporium in E1, where around 30% of phenolic
compounds were degraded after 10 days of treatment reaching values of 91 mg/L. This
percentage of removal was slightly lower when glucose was added (E2), obtaining final
removals of 25%. For the non-inoculated samples with fungus (C1 and C2), the amount
of phenolic compounds removed was lower, with removal percentage of 12% in both
cases. Results proved that the fungus inoculation increases the degradation of phenolic
compounds with removal percentages almost three times greater than in the non-inoculated
samples. However, higher efficiencies have been reported by other authors when the AL
effluent was previously sterilised.

Elisashvili et al. [23], who treated a diluted and sterilised olive pomace effluent by
submerged fermentation with Cerrena unicolor, reported a removal of phenolic content of
around 80%. Additionally, this fungus showed a good capacity to release laccases, which
are involved in the degradation of phenolic compounds. The low removals achieved in
this study it could be because a non-sterilised AL effluent. Moreover, low laccase activity
has been reported for P. chrysosporium [24]. García et al. [35] reported a 92% total phenol
degradation using P. chrysosporium to treat a sterilised OMW supplied with a nitrogen
source. Additionally, great phenolic removals were obtained when AL was dried, and the
concentrate was treated. For example, Sampedro et al. [37] reported removals around 85%
using the fungus Phlebia sp. immobilized in polyurethane sponge, while 43% was achieved
when the effluent was treated by free mycelia.
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Figure 4. Changes in total phenolic content for non-inoculated tests C1 (�) and C2 (�), and inoculated
tests E1 (�) and E2 (�). The standard deviation (SD) of the experimental data were in all cases less
than 4% of mean value.

3.3. Removal of Colour

AL waste has a dark brown colour, so its decolourization is important to avoid negative
environmental and visual effects. Highly coloured wastewater reduces the passage of light
through the water, causing a reduction in photosynthetic activity and, therefore, altering
the flora and fauna of the water [38]. The colour index profile is shown in Figure 5. Greater
removals were obtained when the fungus was added.

Figure 5. Changes in colour index during biological treatment. The dashed lines shown the non-
inoculated tests C1 (�) and C2 (�), used as controls. The solid lines shown the inoculated tests E1 (•)
and E2 (•). The standard deviation (SD) of the experimental data were in all cases less than 11.5% of
mean value.

In the non-inoculate experiments (C1 and C2), the colour index was also reduced
by endogenous microflora, especially during the first 24 h. Afterwards, the C1 slightly
changed up and down, reaching final percentages of removal around 20%. When the
fungus was inoculated (E1 and E2) the colour index decreased more abruptly especially
during the first 24 h. Removals around 70% were obtained in both cases after 4 days.
Then, the colour removal slightly increased and remained approximately stable, finally
reaching a 60% reduction. The obtained results were in accordance with those found in
the literature regarding the colour removals in recalcitrant wastewaters using white-rot
fungi. Pakshirajan and Kheria [39] reported colour degradations of 64% after continuous
fungal treatment with P. chrysosporium of industrial textile wastewaters. Ntougias et al. [25]
reported colour removals around 60–65% in OMW using basidiomycetes fungus Pleurotus
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spp. Similar reductions were reported for olive mill effluent treated by an adapted strain of
Trametes versicolor [40].

Taking into account data reported by the literature and results obtained in this work,
the use of white-rot fungi to treat AL could be considered to be a promising treatment
technology. Although the removal efficiencies of sCOD, colour and phenolic compounds
after treatment with fungi were slightly lower than those reported for OMW treated with
physical–chemical treatments, it should be considered that these processes usually present
serious drawbacks such as their high cost, bad odour, addition of chemicals, or fouling
of the membrane [4,18]. Additionally, chemical oxidation treatments can produce more
recalcitrant or toxic intermediate compounds, reducing the effectiveness of the treatment. In
contrast, the use of white-rot fungus allows the degradation of a wide range of recalcitrant
contaminants due to its ability to release extracellular enzymes, as well as lead to the
detoxification of wastewater [25].

4. Conclusions

Biotreatment with white-rot fungus Phanerochaete chrysosporium is useful to degrade
AL waste. When the non-inoculate AL was incubated at 26 ◦C, 27% of the sCOD was
removed in 4 days, whereas the inoculation of fungus allowed the achievement of a sCOD
degradation of 60% over the same time. The addition of glucose as an easy carbon source
did not enhance the sCOD degradation. The addition of P. chrysosporium also allowed
a reduction of the colour index of the residue close to 60%. In all the conditions tested,
including a control test without inoculation, a reduction in the sBOD5 and in the reducing
sugar content was observed after the treatment. However, the biodegradability index
decreased, more highly in the inoculated effluent than those in the absence of inoculation.
Finally, the treatment of the diluted AL with the fungus allowed degradation of 32% of the
total phenols initially present in the effluent, whereas the endogenous microflora could
only degrade around 15% of phenolic content. Results obtained in this study open the
possibility of using P. chrysosporium fungus in the bioremediation of low-biodegradable
wastes from the olive oil industry.
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Abstract: The ever-increasing technological advancement and industrialization are leading to a mas-
sive discharge of hazardous waste into the aquatic environment, calling on scientists and researchers
to introduce environmentally benign solutions. In this regard, the current work is based on introduc-
ing Fuller’s earth, which is regarded as an environmentally benign material, as an innovative Fenton
oxidation technology to treat effluent loaded with Levafix Dark Blue dye. Initially, Fuller’s earth was
chemically and thermally activated, then subjected to characterization using a field-emission scan-
ning electron microscope (FE-SEM) augmented with an energy-dispersive X-ray analyzer (EDX) and
Fourier transform infrared (FTIR). This detailed the morphologies of the samples and the functional
groups on the catalyst leading to the reaction with the dye. Fuller’s earth, augmented with hydrogen
peroxide, was then introduced as a photo-Fenton oxidation system under UV illumination for dye
oxidation. Moreover, a response surface mythological analysis was applied to optimize the most
effective operational parameters. The experimental data revealed that the optimal Fuller’s earth dose
corresponded to 1.02 mg/L using the optimal H2O2 of 818 mg/L at pH 3.0, and the removal efficiency
reached 99%. Moreover, the thermodynamic parameters were investigated, and the data revealed
the positive ΔG′ and negative ΔS′ values that reflect the non-spontaneous nature of oxidation at
high temperatures. Additionally, the negative ΔH′ values suggest the occurrence of the endothermic
oxidation reaction. Furthermore, the reaction followed the second-order kinetic model. Finally, the
catalyst stability was investigated, and reasonable removal efficiency was attained (73%) after the
successive use of Fuller’s earth reached six cyclic uses.

Keywords: wastewater; clay; Fuller’s earth; Levafix Dark Blue dye; oxidation; Fenton

1. Introduction

Currently, since a greener environment is the hallmark of the scientific world, the
contribution of naturally abundant clay minerals is notably visible. In recent decades,
clay minerals based on Fuller’s earth [1] have been used to modify the performance of
photocatalytic reactions. Scientists are inspired by the outstanding characteristics of clay
since it is abundant, cost-efficient, and benign to the environment and ecosystem [2]. Al-
though Fuller’s earth was first discovered in 1847, clay science is associated with prehistoric
times. Its use in several applications can be traced back to 200 cultures, such as the an-
cient Egyptians, Amargosians, and South and North Americans [3,4]. Recently, Fuller’s
earth-based semiconductors have attracted great attention for their efficient performance in
photocatalytic reactions for eliminating various contaminates from wastewater streams.

However, with the ever-increasing development of societies and the global indus-
trialization revolution, the problems associated with environmental pollution are also
tremendously increasing [5]. Massive amounts of organic dyes are discharged annually
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from various industries. Such industries include the printing and paper industry, photo-
graphic industries, tanning and leather industries, and textile dyeing industries [6]. The
textile industry is considered the most polluting industry in the industrial sector [6]. This
industry consumes substantial amounts of water in its processing and finishing. Thus,
the result is a huge amount of wastewater contaminated with various dye species. Such
waste causes persistent damage to the environment [7]. Most of the dyes included in
this aqueous effluent are carcinogenic and cause severe damage to the ecosystem and its
habitants. Hence, such contaminated wastewater must undergo treatment prior to its final
disposal into the environment. When comparing photocatalytic reactions to other wastewa-
ter treatment technologies, the photocatalytic system is a superior candidate. This might
be due to its complete mineralization tendency for contaminants in aqueous streams [8].
Among the photocatalytic reactions, the iron-based catalytic reaction that uses Fe2+ and
Fe3+ as typical iron sources, the so-called Fenton reaction, has attracted scientists’ attention
for its unique photocatalytic activity [9]. Moreover, its use in contaminate elimination
has increased due to the reaction being cost-efficient and the catalyst possessing optical
properties [10]. Although the properties of this reaction are superior, there are three main
defects that restrict its application. The obstructions are the chemical precursor’s price, the
need for an acidic pH medium for treatment, and the byproduct sludge after treatment that
requires further handling prior to the final discharge [11]. From this concept, various trials
have been developed to overcome these drawbacks of the Fenton process. For instance,
introducing hetero-junction catalytic materials as the precursors of the Fenton reaction is
an excellent strategy due to both its superior catalytic advances and its recovery ability [12].
Moreover, replacing Fe2+ or Fe3+ with non-iron metals, such as Cu2+, shows excellent
results since this widens the acidic pH range. Furthermore, aluminum has been shown to
be an excellent replacement for Fe2+ or Fe3+ in the reagent as anon-iron Fenton system [13].
Moreover, the aluminum that is present in natural-based materials [14] might be applied to
initiate the iron-based Fenton system as a non-iron system [15].

Scientists’ crucial goal is identifying environmentally benign materials. In this regard,
the naturally abundant Fuller’s earth is a suitable candidate. Fuller’s earth is the main
component of clay minerals that comprise silicon, calcium, and aluminum oxides with a
dominant fraction of Al2O3. The elementary molecular structure is an aluminum octahedral
structure [3]. Due to its environmental benignity, Fuller’s earth is applied in the fields
of drug delivery and wastewater treatment. The recently published volume of literature
associated with Fuller’s earth and its applications indicates an interest in using Fuller’s earth
in various applications, especially in wastewater treatment. Such wastewater management
applications include adsorption techniques or augmentation with semiconductors to act
as a photocatalyst. For instance, Safwat et al. [5] used Fuller’s earth augmented with
kaolin for the elimination of phenolic compounds from an aqueous stream via adsorption
methodology. Moreover, Shah and his co-workers [9] used a modified form of Fuller’s
earth in combination with a surfactant to improve its adsorption capacity for eliminating
acid red 17 dye from wastewater. However, to the best of the authors’ knowledge, it
has not been applied in its solo form as a photocatalyst for dye removal, especially as
a source of the Fenton reaction. Catalysts from raw clay, such as Fuller’s earth, could
represent environmentally friendly and environmentally benign catalysts that possess
many advantages. Such materials are cost-efficient and naturally abundant, in addition to
being non-toxic to the environment, and they also possess excellent properties, such as a
high surface area.

Fuller’s earth clay is critical for creating ˙OH radical species, and this is achieved
by using the elements in Fuller’s earth, such as aluminum and iron ions [14]. Such ions
react with hydrogen peroxide, and the reaction is initiated by ultraviolet light and then
produces hydroxyl radicals. Iron and aluminum ions are formed and react with hydrogen
peroxide to form further hydroxyl radicals and elemental ions (Equations (1) and (2)). ˙OH
radicals are categorized as non-selective species that attack pollutant molecules and strongly
oxidize them. Aluminum might initiate the Fenton reaction via the acyclic reaction [15].
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A general trend of the aluminum-based Fenton reaction mechanism is the formation of
the Al3+ superoxide complex (Equation (3)) [16]. In this reaction, the aluminum is able to
stabilize a superoxide radical (O2

− anion), and thus, the formed Al3+ superoxide complex
(Equation (4)) is capable of reducing Fe3+ to Fe2+. Hence, Fe2+ could enhance the production
of ˙OH radicals through the Fenton reaction (Equation (5)) [17,18].

Fe2+ + H2O2 → Fe3+ + OH− + OH· (1)

Fe3+ + H2O2 → Fe2+ + OH·
2 + H+ (2)

Al(H2O)3+
6 + O·−

2 → Al(O·
2)(H2O)2+

5 + H2O (3)

Al(O·
2)(H2O)2+

5 + O·−
2 → Al(O·

2)(OH)(H2O)+4 + H2O (4)

Fe3+ + AlO·2+
2 → Fe2+ + AlO3+

2 (5)

To the best of the authors’ knowledge, according to the cited literature, “Fuller’s
earth” has not yet been applied as an oxidation source for pollutant remediation. Tra-
ditionally, clay sources are applied as adsorbent materials. Therefore, this investigative
study introduces the novel application of Fuller’s earth as the elemental source of Fen-
ton oxidation. The goal of the current work is based on altering the traditional Fenton
source with the environmentally benign, naturally available, and abundant clay “Fuller’s
earth”, which comprises various metals. Such metals lead to Fenton reaction oxidation.
The system is applied to mineralize Levafix Dark Blue aqueous effluent as a simulation
of textile-effluent-polluted wastewater. The influence of various operating variables, i.e.,
Fuller’s earth and the hydrogen peroxide reagent concentration, the pH of the medium,
dye loading, and the temperature of the wastewater are assessed in order to meet the real
application requirements.

2. Materials and Methods

2.1. Wastewater

Levafix Dark Blue dye, which is a kind of reactive azo dye, is commonly applied in
the textile dyeing industry due to its high fastness profile, and it meets most requirements
set by textile manufacturers. In this regard, commercial Levafix Dark Blue dye was used
in the current study as a model synthetic pollutant. Thus, Levafix Dark Blue dye was
used to prepare synthetic wastewater effluent. Levafix Dark Blue was supplied by DyStar
Management Co., Ltd., Shanghai, China. The dye was used as received without further
purification or treatment. The dye is dark blue and regarded as a bi-functional, combined
anchor. The dye powder was used with no purification or further treatment. Initially, to
attain the synthetic dye effluent, a stock solution of 1000 ppm of Levafix Dark Blue dye was
prepared, which was then diluted, as required, for successive dilutions to obtain different
concentrations according to the experimental conditions.

2.2. Preparation of Fuller’s Earth-Based Fenton Catalyst

Naturally occurring Fuller’s earth clay was collected from a deposit located in the
southeastern desert in Egypt. After collection, the Fuller’s earth clay was subjected to
electric oven drying (105 ◦C) to remove any moisture content. Generally, the characteristics
of clay, including its chemical and physical features, might be modified and enhanced
through various treatments in order to improve its natural capacity to achieve better
treatment results [14]. Such modifications could improve the physicochemical and min-
eralogical characteristics of the substance. Acid and thermal treatments of Fuller’s earth
are techniques widely applied to attain clay modification. Such techniques modify the
mineralogical composition and chemical structure of Fuller’s earth substance, as well as
leading to surface activation according to the authors’ preliminary work. Thus, next, the
Fuller’s earth was ball-milled to attain a fine powder. Afterward, the material was sieved
(200 mesh) and cooked with hydrochloric acid. Then, 15 gm of the material was cooked
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with 200 mL HCl acid (10 M) through heating (70 ◦C) and stirring for 1.5 h. Subsequently,
the resultant aqueous media were successively washed with distilled water to reach a
neutral pH. Subsequently, the solution was filtered, and the resultant solid powder was
subjected to calcination (600 ◦C) for thermal activation purposes.

2.3. Photocatalytic Test

A stock solution of 1000 ppm was prepared from Levafix Dark Blue, and a further
dilution was carried out when needed to obtain 50, 100, 150, and 200 ppm. Initially, 100 mL
of the 100 ppm of Levafix Dark Blue dye-containing aqueous solution was poured into a
glass container to subject it to the photocatalytic test. Then, a certain amount of Fuller’s
earth augmented with hydrogen peroxide (30% w/v) supplied by Sigma-Aldrich (Burling-
ton, MA, USA) was poured into a container as the source of the Fenton photocatalyst and
placed in a photochemical reactor. The mixture was magnetically stirred and kept under
UV illumination after the pH was adjusted, if desired (using AD1030, Adwa instrument,
Szeged, Hungary), over the range of 3.0 to 8.0. The pH of the dye aqueous solution was
adjusted to the desired values by using diluted H2SO4 (1:9) and/or 1M NaOH solutions
(Sigma-Aldrich). All chemicals were used as received from the supplier without further
treatment or purification.

In order to validate the effect of the Levafix Dark Blue dye concentration on the extent
of photocatalytic oxidation, the polluted water with the reagents was subjected to the
photocatalytic system. A UV lamp (15 W, 230 V/50 Hz, with a 253.7 nm wavelength) was
used to emit UV light during the reaction. The lamp was covered with a silica tube jacket
for lamp protection, still allowing the UV to penetrate the dye-containing solution. The
sleeved UV lamp was located inside a glass vessel containing the wastewater solution to
well induce and accelerate the photocatalytic reaction. The photo-reactor had a 250 mL
volume, and the reactor was fully exposed to UV light.

In regular time intervals (every 10 min), the samples were subjected to analysis after
filtration (0.45 μm) to remove the remaining excess catalyst using a UV–visible spectropho-
tometer (Unico UV-2100, Franksville, WI, USA). The results of the analysis were recorded,
and the data are presented as the dye percentage removal. The experimental setup is
summarized in Figure 1.

 
Figure 1. Schematic representation of the catalyst preparation and treatment steps.

2.4. Characterization Study

The morphologies of the attained Fuller’s earth sample were explored and imaged
using a field-emission scanning electron microscope (FE-SEM) (FE-SEM, Quanta FEG 250,
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Technical Cell, Kolkata, India). The typically used magnifications were ×8000 and ×60,000.
Furthermore, this instrument was supplemented by energy-dispersive X-ray spectroscopy
(EDX) in order to assess the content of principal oxides in the Fuller’s earth. The oxides
were examined via the energy-dispersive spectrum. Moreover, a Fourier transform infrared
FTIR spectrum was obtained using the Jasco FT/IR-4100 model type (Jasco Inc., Mary’s
Court Easton, MD, USA).

2.5. Statistical Analysis

To attain a further higher reasonable dye removal efficiency with a good understanding
of the roles of the significant independent parameters in the Levafix dye oxidation, a
response investigated via dye percentage as dependent variable removal, a three-level
factorial design, that is, the so-called Box–Behnken design, with triplicates of the central
points, was applied. The selected independent variables were chosen according to the
most affecting factors as follows: (i) H2O2 dose; (ii) Fuller’s earth doses; and (iii) pH
value. The levels and range for each parameter were selected according to a preliminary
study that determined the manually optimized values. The selected levels and ranges
are displayed in Table 1. Subsequently, SAS, statistical analysis software (SAS, Institute
USA, Cary, NC, USA), was used to propose the full factorial experimental design matrix.
Then, Matlab (7.11.0.584) software, as well as an analysis of variance (ANOVA), was chosen
in order to analyze and specify the significance of the statistical technique. Moreover,
Mathematica (V 5.2) software was selected in order to determine the optimal values. Finally,
extra triplicates of the experiments were conducted to validate the proposed investigated
model equation.

Table 1. Boundaries of the uncoded and coded experimental domains of the Box–Behnken factorial
design with respect to their level spacing.

Experimental Variables
Symbols Range and Levels

Uncoded Coded −1 0 1

H2O2 (mg/L) ε1 ζ1 700 800 900
Fuller’s earth (mg/L) ε2 ζ2 0.75 1.0 1.25

pH ε3 ζ3 2.5 3.0 3.5

3. Results and Discussion

3.1. Characterization of the Prepared Fuller’s Earth Material

Scanning electron microscopy (SEM) was used to explain the treated and calcinated
morphologies of the Fuller’s earth material; an image is displayed in Figure 2. The surface
was observed to have an irregular shape, and the clay possessed lots of asymmetric,
open pores. The voids aid adsorption, as well as catalytic oxidation activity, a source of
various metals. Moreover, elemental analysis techniques of the Fuller’s earth material
using an energy-dispersive X-ray analyzer (EDX) revealed its chemical composition, which
constituted different oxides. The predominant oxide in the Fuller’s earth was SiO2, as
well as Al2O3 and Fe2O3. The presence of Al2O3 and Fe2O3 leads to the occurrence of the
Fenton reaction. Furthermore, trace amounts of CaO, MgO, K2O, SO3, and Na2O were
present in the clay. A previous study [15] confirmed that the presence of Al2O3 leads to the
Fenton reaction [18]. Moreover, various studies [15–18] verified that such oxides improve
the adsorption tendency of Fuller’s earth clay.
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Figure 2. FE-SEM micrograph image of the prepared catalyst “Fuller’s earth clay”.

An oxide material analysis of the Fuller’s earth clay data obtained via an EDX analysis
is displayed in Table 2. The main oxide of the chemically treated and then calcined modified
Fuller’s earth powder was SiO2, along with Al2O3 and Fe2O3, with the presence of small
amounts of the oxides Ca, Mg, K, and Na. The use of Fuller’s earth, which is considered a
clay, is due to its composition.

Table 2. Chemical oxide composition of modified Fuller’s earth determined via EDX.

Element SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O LOI

weight % 79.16 12.81 5.26 0.53 0.96 0.08 0.24 0.96

LOI: Loss of Ignition.

Although previous data [19] have indicated the importance of the oxides SiO2, Al2O3,
and Fe2O3 in enhancing the adsorption capacity of pollutants, Al2O3 and Fe2O3 are sources
of the Fenton reaction [15–18]. Such oxides might be initiated through hydrogen peroxide
to generate hydroxyl radicals, which are categorized as highly reactive intermediates and
possess the ability to oxidize pollutant species [13].

A Fourier transform infrared (FTIR) transmittance spectrum analysis was applied
as a suggestive technique. FTIR was applied to identify the different forms of minerals
present in the Fuller’s earth that were introduced as a source for the Fenton oxidation
test. Moreover, FTIR provided information on the chemical nature of the Fuller’s earth
substance, as well as some details about the interactions. As illustrated in Figure 3, the
FTIR performances of the Fuller’s earth clay exhibited coupled vibrations that are mainly
due to the existence of numerous elements. Additionally, the main absorption-intensive
bands of Fuller’s earth clay appeared. Silanol, which is characterized by Si–O stretching
vibrations, is located at the 1034 cm−1 wavenumber. The occurrence of silanol represents
the existence of quartz. Moreover, the bands at 528.4 cm−1 and 779 cm−1 are associated
with the presence of illite, which is reflected by the Si-O-Al group. Moreover, the interlayer
hydrogen bonding illustrates the possibility of hydroxyl linkage. Al-Mg-OH and Si-O-Fe
bonding are reflected by the bands at 779 and 820 cm−1, respectively. This confirmed the
existence of Fe and Al bonding, which is necessary for the Fenton oxidation test.
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Figure 3. FTIR spectrum of the Fuller’s earth clay.

3.2. Reactive Azo Dye Oxidation
3.2.1. Effects of Reaction Time and Reactive Azo Dye Loading

Each of the experimental parameters affecting the kinetics of the reaction was inves-
tigated, starting with the experimental reaction time. In this experiment, the influence
of the oxidation system was examined in terms of the photo-Fenton oxidation reaction
based on Fuller’s earth natural clay. In order to examine the optimal reaction time and its
impact on the oxidation process, experiments were undertaken with illumination times
ranging from 2 to 60 min. All other parameters, including the initial concentrations of
Fuller’s earth and H2O2 at 1.0 g/L and 800 mg/L, respectively, were kept constant, and
the solution pH was maintained at 3.0. Figure 4 demonstrates the influence of the reaction
time on the profiles of various reactive azo dye loadings. An investigation of the results
in Figure 4 indicated that the dye oxidation rate reached 73% within only the initial two
minutes of the illumination time. However, afterward, it steadily declined, achieving
an accumulative oxidation efficacy reaching 97% within 15 min when the initial azo dye
concentration was 50 mg/L. According to the previously cited literature [16,20], azo dye
molecules compromise aromatic rings. The hydroxyl radicals generated from the reaction
of Fuller’s earth with hydrogen peroxide attack such rings and open them. Then, this
generates reaction intermediates and eventually oxidizes them to harmless end products
(CO2 and H2O). Initial rapid oxidation was dominant for all the dye concentrations. As
the reaction proceeded, the generated hydroxyl radicals in the reaction medium gradually
declined, corresponding to a reduction in the H2O2 concentration. Moreover, radicals other
than hydroxyl radicals were produced, and they inhibited the oxidation reaction rate rather
than improving the dye removal rate. The previous conclusion by [13] confirmed this
investigation by treating various dyes contaminating wastewater effluent.
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Figure 4. Effects of azo dye Levafix Dark Blue loadings on the oxidation reaction (experimental
conditions: Fuller’s earth 1.0 g/L; H2O2 800 mg/L; and pH 3.0).

While a similar rapid reaction rate in the initial reaction time period was observed for
all the treated dye concentrations, an assessment of Figure 4 found that the oxidation rate
declined with the increase in the dye loading. The removal efficiencies were 97, 95, 91, and
79% for the 50, 100, 150, and 200 mg/L azo Levafix Dark dye concentrations in the aqueous
effluent, respectively. Moreover, the reaction time also increased from 20 to 100 min with
the increase in the dye loading. At higher dye concentrations, the concentration of the
exerted ˙OH radicals was insufficient for completing dye oxidation. This conclusion of
increasing the oxidation activity with a reduction in the initial pollutant concentration was
also previously investigated and recorded by Raut-Jadhav et al. [21], who used the Fenton
reagent for the oxidation of methomyl-pesticide-containing wastewater.

3.2.2. Effects of Various Treatment Systems

The effects of various treatments based on oxidation systems, namely, Dark/Fuller
earth, Dark/H2O2, Dark/H2O2-Fuller earth, UV/H2O2, UV/Fuller earth, and UV/H2O2-
Fuller earth, were explored to test the effect of the Fenton reaction tendency using Fuller’s
earth as a catalyst. The efficacy of these techniques was assessed in terms of Levafix Dark
Blue dye color removal, and the results are exhibited in Figure 5. The data compare the
Levafix Dark Blue oxidation using the different systems at room temperature. It is clear from
the data in Figure 5 that the solo H2O2 oxidation system results in the dye having oxidation
efficiencies of only 7% and 38% in the dark and under ultraviolet illumination, respectively,
within 20 min of the reaction time. Moreover, in the dark test and under UV illumination,
the solo Fuller’s earth catalyst reached removal efficiencies of 26 and 39%, respectively.
However, under the solo UV illumination system, the dye oxidation reached a removal rate
of only 11%. In contrast, the augmented Fuller’s earth with hydrogen peroxide oxidative
treatment could mineralize the dye to attain rates of 72 and 98% in the dark and under UV
illumination, respectively. It is worth mentioning that the photo-Fenton system based on
Fuller’s earth augmented with hydrogen peroxide achieved the highest oxidation among
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the investigated oxidation systems. Notably, the high removal rates of the Fenton system or
the photo-Fenton system compared to those of the solo hydrogen peroxide systems or the
Fuller’s earth systems verify the role of the Fenton reaction in eliminating dye molecules.
The presence of dual reagents might explain this in the Fenton system, as they support the
generation of more hydroxyl radicals. Moreover, the presence of ultraviolet light results
in further hydroxyl radical production, which is the main responsibility of the oxidation
system. This reaction trend was previously reported by Thabet et al. [13], who treated
contaminated dye effluent using a modified Fenton system.

 
Figure 5. Effects of different treatment systems on azo dye Levafix Dark Blue (experimental conditions:
azo dye Levafix Dark Blue 50 ppm; Fuller’s earth 1.0 g/L; H2O2 800 mg/L; and pH 3.0).

However, with an increase in time, the Levafix Blue dye removal exhibited a slower
rate since ˙OH radical production declined. Contrary, a rapid initial stage of oxidation
was achieved. This is due to the consumption of the reagent in the initial stage to produce
hydroxyl radicals [22]. The oxidation occurred by utilizing the activation of H2O2 with
the metal salts present in Fuller’s earth in the case of the Fenton system. However, by
exceeding the reaction time, a reduction in the dye rate was attained that corresponded
to the decline in the presence of H2O2. This is related to the hydroxyl radical formation.
Moreover, this phenomenon is also exhibited in hydrogen peroxide-based systems since the
amount of hydrogen peroxide reduces due to it being consumed as time proceeds. Various
research data [23] have exhibited that the quick initial reaction time is due to the immediate
generation of ˙OH radical species. Furthermore, the lower oxidation tendency of the dark
reaction test is associated with the absence of UV illumination. Thus, it initiated oxidation
through the generation of more ˙OH radical species. Remarkably, the Fuller’s earth catalyst
is easily available since it is naturally abundant as a sustainable substance.

3.2.3. Effects of Photo-Fenton Parameters
Effect of Fuller’s Earth Dose

To examine the effect of the Fuller’s earth catalyst, as a source of the Fenton reaction, on
the Fenton oxidation of azo dye, experiments were undertaken to investigate the influence
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of clay dose on the reaction kinetics. Figure 6 displays its influence on the oxidation reaction
by varying the Fuller’s earth concentration over the range of 0.5 to 1.5 mg/L.

 

Figure 6. Effect of Fuller’s earth concentration on photo-Fenton oxidation system (experimental
conditions: azo dye Levafix Dark Blue 50 ppm; H2O2 800 mg/L; and pH 3.0).

The oxidation removal efficacy was enhanced (from 92% to 97%) by increasing the
Fuller’s earth dose from 0.5 to 1.0 mg/L. However, further increasing Fuller’s earth to
1.5 mg/L resulted in a significant decline in dye oxidation, reaching only 72%. This could
be associated with the Al and Fe ions that form in the aqueous solution since they are
present in Fuller’s earth and then react with H2O2 to form further OH radicals and metal
ions. These non-selective ˙OH radicals attack the dye molecules and strongly oxidize
them. However, a further increase in the Fuller’s earth catalyst resulted in a decline in the
oxidation efficiency as a result of the shadowing effect arising from the turbid solution.
This phenomenon of shadowing the UV illumination is due to the Fuller’s earth comprising
inorganic materials that obey UV transmittance when it is in excess. Additionally, an
excessive concentration of metal ions results in their acting as ˙OH radical scavengers
rather than generators according to the abovementioned equations (Equation (5)). This
investigation is in accordance with the studies in [24–28], in which organic materials and
dyes from wastewater are treated via the Fenton reaction.

Effect of Hydrogen Peroxide Reagent Concentration

Figure 7 displays the reactive dye Levafix Dark Blue oxidation in the presence of the
Fuller’s earth-based photo-Fenton system. The oxidation rates elevated when the H2O2
reagent dose was increased from 200 to 800 mg/L, until reaching practically 97% Levafix
Dark oxidation. This occurred with a 20 min illumination time using the optimal value
of 800 mg/L of H2O2, 1 g/L of Fuller’s earth, and a solution pH of 3.0. This increase in
the removal efficiency with the increase in the reagent is associated with the production
of more peroxide species and hydroxyl radicals in the aqueous medium. These radicals
are the horsepower of the oxidation reaction, as well as its main responsibility. Moreover,
elevating the H2O2 concentration to 1000 mg/L, more than the optimal limit (800 mg/L),
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affects the reaction rate and results in a decline in oxidation, reaching only 74%. This is
probably related to the excess reagent concentration of ion pairs on the surface that could
reduce the availability of the Fuller’s earth elemental sites to react with the excess H2O2
(Equations (6) and (7)). In such a situation, additional H2O2 may have a detrimental effect
due to the scavenging of hydroxyl radicals that occurs at higher H2O [24]. Moreover, there
are radicals other than OH radicals in the presence of excess hydrogen peroxide; such
radicals inhibit the oxidation reaction (Equations (8) and (9)).

H2O2 + hυ → 2OH∗ (6)

OH∗ + OH∗ → H2O2 (7)

H2O2 + OH∗ → H2O + OOH∗ (8)

OOH∗ + OH∗ → H2O + O2 (9)

Figure 7. Effect of hydrogen peroxide concentration on photo-Fenton oxidation system (experimental
conditions: azo dye Levafix Dark Blue 50 ppm; Fuller’s earth. 1.0 g/L; and pH 3.0).

Effect of pH Value on the Treatment Efficiency

The pH of the aqueous environment is categorized as a vital influencing variable
in Fenton oxidation. This demonstrates its importance since the pH influences H2O2
decomposition and the hydrolytic speciation of metal ions. In this regard, to evaluate
its influence on the Levafix Dye oxidation through the modified photo-Fenton system,
the initial pH values were altered from an acidic value to an alkaline value to evaluate
their effects on the system. The pH values varied over the range of 3.0 to 8.0 according
to the results displayed in Figure 8; an alkaline pH value is not favorable for the oxida-
tion reaction using the photo-Fenton system. However, further oxidation was achieved
when the acidic pH was used. Notably, it was obvious that the acidic pH (3.0) value of
wastewater attained the highest removal efficiency. The removal efficiency reached 97%
within 20 min of the illumination time, at which point the Levafix dye oxidized into other
intermediates. However, increasing the aqueous solution pH to an alkaline pH value results
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in the presence of excess unfavorable ions. Such ions react with superoxide species rather
than the metals in the catalyst. This hinders the overall reaction. These metals are mostly
accountable for provoking H2O2 to produce (OH) radicals [27]. The result is the formation
of the hydroperoxide (HO2) inactive radical, which reduces the oxidation efficacy [28].
Hence, the Levafix oxidation yield further declined at an alkaline pH. The findings of this
investigation of the low efficiency at a high pH are in accordance with the previous findings
of Nichela et al. [15], who treated a nitrobenzene-contaminated aqueous stream using a
Fenton-based reaction.

 

Figure 8. Effect of pH value on photo-Fenton oxidation system (experimental conditions: azo dye
Levafix Dark Blue 50 ppm; Fuller’s earth 1.0 g/L; and H2O2 800 mg/L).

Box–Behnken Regression Design Fitting

RSM, response surface regression methodology, was applied to explore the operational
parameters’ optimal values for the modified photo-Fenton system based on the Fuller’s
earth clay system. These parameters include the Fuller’s earth clay and hydrogen peroxide
concentrations, as well as the pH value, in order to maximize the Levafix dye efficacy
removal. The used outlined matrix is tabulated in Table 1, as well as the experimental
dye response after the oxidation reaction, with the predictive model values presented
using Equation (10). This equation exploring the second-order polynomial regression
model exhibits the response surface in terms of the coded variables for the Levafix dye
removal response.

Y(%) = 90.47 + 2.28 ε1 − 4.68 5ε2 − 5.08 ε3 − 4.75 6ε2
1 + 0.23 ε1ε2−

12.57 ε1ε3 − 4.98 ε2
2 + 6.3 ε2ε3 − 18.41 ε2

3
(10)

An ANOVA test based on Fisher’s statistical analysis was performed for the assessment
of the statistical consequence and the adequacy of a quadratic model. With a minimum
deviation, a small probability value (<0.005), and a high R2 (the regression coefficient value),
the model was shown to be the best fit. The R2 value of the Levafix Dark dye oxidation
response was 94.3%.
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A graphical representation of the abovementioned equation (Equation (10)) demon-
strates the influences of the experimental parameters on the response. The 3-D (three-
dimensional) surface and the 2-D (two-dimensional) contour plots of the operational pa-
rameters were designed using Matlab software, and the results are displayed in Figure 9a–c.
The data displayed in the figure revealed the response of each experimental influencing
variable and the major interactions between those variables. An inspection of the 3-D
surface graph and the 2-D contour plot in Figure 9b illustrated that the removal rate of
the Levafix dye was enhanced with the increase in the concentrations of both H2O2 and
Fuller’s earth. However, the curvature displayed in Figure 9a indicates that there is a
significant interaction effect between the Fuller’s earth and hydrogen peroxide doses. This
interaction encourages the generation of hydroxyl radical species that have a positive effect
on the dye removal rate. Nevertheless, a further increase in the concentrations of both
reagents resulted in a reduction in the dye oxidation rate. Thus, an optimal ratio of Fuller’s
earth/H2O2 is essential to increase the yield of (˙OH) radicals [27].

Figure 9. The 3-D (a–c) and 2-D (d–f) surface and contour plots of the coded independent variables
and their responses in Levafix Dye removal: (a) H2O2 and Fuller’s earth catalyst concentrations;
(b) H2O2 concentration and pH; (c) Fuller’s earth catalyst concentrations and pH.
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Figure 9b explains the influence of the Fuller’s earth catalyst dose and the significant
parameter of pH in the augmented 3-D and 2-D response surface and contour plots. The
graph confirms that the oxidation efficiency enhanced with an increasing catalyst dose.
However, an alkaline environment is not favorable for Levafix oxidation. The optimum
pH is near the acidic pH 3.0. The existence of scavenger species is apparent in the reaction
medium rather than the reactive hydroxyl radicals in the reaction media. So, the result is a
reduction in the overall reaction of oxidation, clarifying this finding.

The combined 3-D and 2-D response surface and contour plots displayed in Figure 9c
demonstrate the influences of the independent hydrogen peroxide and pH values, respec-
tively, on the Levafix dye as azo dye removal rates. An investigation was carried out on the
figure results of Levafix Dye oxidation. In this set of experiments, the pH varied over the
range of 2.5–3.5. The surface and contour plots of the RSM show that the highest percentage
of dye removal was obtained at the intersection near the origin of the two variables.

For an extra examination of the proposed model, the statistically optimized predicted
parameters investigated using Mathematica software were examined. The optimal con-
ditions revealed from the predicted model were 818 mg/L, 1.02 mg/L, and 3.0 for H2O2,
Fuller’s earth catalyst, and pH, respectively. Then, an extra three replicates of experiments
were carried out to confirm the predicted values’ adequacy. After a 2 min reaction time, the
measured percentage of dye removal (71%) was close to the predicted value (72%), which
was obtained by applying the suggestive factorial design. Moreover, the overall oxidation
reaction reached a 99% dye removal rate within 15 min of the reaction time. This investiga-
tion verifies that the response surface methodology is a satisfactory approach for optimizing
the operational parameters’ influence using the Fuller’s earth-based Fenton system.

3.2.4. Effect of Temperature

In catalytic illumination oxidative systems, temperature is considered a vital parameter
that affects reaction rates. To explore the influence of temperature on the reaction kinetics,
Levafix Dark Blue dye oxidation experiments over a temperature range from 25 ◦C to 60 ◦C
were undertaken. The results in Figure 10 display superior oxidation leading to an increase
in the Levafix Dye removal efficacy, achieving complete removal with a shorter reaction
time when the temperature is elevated.

 

Figure 10. Temperature effect on Levafix removal via Fullers’ earth-based Fenton process.
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An examination of Figure 10 found that elevating the temperature from 25 ◦C to 60 ◦C
for the aqueous Levafix solution attained a shorter reaction time of only 10 min and an
enhancement from 97% to 100%. According to the previously cited literature [24], reaction
rates are normally more efficient at higher temperatures. The various data cited in the
literature [29,30] show that temperature elevation has a positive effect on Fenton systems
for some wastewater-treated effluents.

3.2.5. Kinetics and Thermodynamics

In this section, the reaction kinetics and thermodynamics of Levafix dye oxidation
via the photo-Fenton-modified system are investigated. In the current study, the photo-
Fenton oxidation kinetics of Levafix dye using a modified reaction, the Fuller’s earth-based
photo-Fenton process, was evaluated for various contact times varying from 0 to 20 min
under isothermal conditions at the following operating temperatures: 25, 40, 50, and
60 ◦C. Moreover, the zero-, first-, and second-order reaction kinetics were assessed for the
modified Fenton oxidation reaction according to the following equations: Equation (11)
for the zero-, Equation (12) for the first-, and Equation (13) for the second-order reaction
kinetics [31]:

Ct = Co − kot (11)

Ct = Co − ek1t (12)(
1

Ct

)
=

(
1

C0

)
− k2t (13)

where C is the concentration of the Levafix dye; Ct is the concentration of the Levafix dye
at time t; Co is the Levafix dye’s initial concentration; t is the reaction time; and k0, k1,
and k2 represent the kinetic rate constants for the zero-, first-, and second-order reaction
kinetics, respectively.

The reaction kinetics most appropriate for Levafix removal were assessed by plotting
Equations (11)–(13) for the experimental results data. The kinetic parameters, as well as
the regression coefficients (R2), for each reaction order were investigated, and the data are
tabulated in Table 3. Examining the data in Table 3 revealed that the reaction is well-fitted to
a second-order reaction. Further, the kinetics constant of the second-order reaction constant,
k2, was notably affected by the reaction temperature, increasing with the temperature
elevation. This investigation is associated with the generation of the ˙OH species since it
is a product of the reaction of Fuller’s earth with hydrogen peroxide. Moreover, another
kinetics value of importance is t1/2 (the half-life of a reaction), which signifies the essential
time needed for the reactant’s initial concentration to decrease by half. An examination
of Table 3 revealed that the calculated t1/2 is a function of the reaction temperature; t1/2
declines with increasing temperature. Various researchers in other studies have confirmed
that the Fenton reaction follows second-order reaction kinetics.

To fully understand the modified Fenton reaction based on the use of Fullers’ earth
oxidation to oxidize Levafix dye molecules, thermodynamic parametric data were quanti-
fied. Arrhenius formula was used to investigate the activation energy, k2 = Ae

−Ea
RT , with

the activation energy (Ea) of the Levafix dye oxidation being based on the second-order
kinetic constant, where R is the gas constant (8.314 J mol−1K−1), T is the temperature in
kelvin, and A is the pre-exponential factor that is considered to be constant with respect to
temperature [32]. Taking the natural log of the Arrhenius formula yields the following:

ln k2 = ln A − Ea

RT
(14)
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Table 3. Fitted rate constants for the oxidation reaction of dye-containing wastewater *.

Kinetic Model Parameter
Temperature, ◦C

25 40 50 60

Zero-order
k0 (mg.min−1) 2.673 2.62 2.459 2.403

t1/2 (min) 72.171 70.794 66.393 64.881
R2 0.54 0.49 0.39 0.37

First-order
k1 (min−1) 0.223 0.293 0.33 0.317
t1/2 (min) 3.107 2.365 2.100 2.186

R2 0.90 0.94 0.81 0.72

Second-order
k2 (L.mg−1 min−1) 0.044 0.164 0.328 0.341

t1/2 (min) 0.4208 0.1129 0.0564 0.0543
R2 0.97 0.90 0.98 0.97

* k0, k1, k2: kinetic rate constants of zero-, first-, and second-reaction kinetic models; Co and Ct: dye concentrations
at initial time and time t; t: time; R2: correlation coefficient; t1/2 half-life time.

A plot of ln k2 versus 1/T could be used to investigate the value of Ea (Figure 11).
Figure 11 displays the relationship of the Levafix Dark Blue dye oxidation through the
modified Fuller’s earth-based photo Fenton system reaction. The value of Ea of the process
was recorded to be 50.8 K J mol−1.

Figure 11. Plot of ln k2 versus 1000/T for the modified Fuller’s earth Fenton system.

Other various thermodynamic variables, such as the enthalpy (ΔH′), entropy (ΔS′),
and free energy (ΔG′) of activation, were assessed utilizing Eyring’s equation with the
utilization of Ea and k2 values according to the following relation [24]:

k2 =
kBT

h
e(−

ΔG′
RT ) (15)
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where kB is the Boltzmann constant, and h is Planck’s constant. The thermodynamic
parameters for Levafix dye oxidation were estimated accordingly, and they are displayed
in Table 4.

Table 4. Thermodynamic properties of organics removal using modified Fuller’s earth
Fenton oxidation.

Parameters
Thermodynamic Parameters

Temperature (◦C)

25 40 50 60

ΔG′ (kJ/mol) 80,720.78 81,487.94 82,314.45 84,839.69
ΔH′ (kJ/mol) −2426.76 −2551.47 −2634.61 −2717.75
ΔS′ (J/mol) −279.02 −268.49 −263.00 −262.93
Ea (kJ/mol) 50.8

An investigation of the data in Table 4 found that the positive values of ΔH′ across
the studied temperature range indicate that the reaction is endothermic. Moreover, ΔG′
exhibited positive values, which means that the process is non-spontaneous. This result
might be because of the formation of a well-solvated structure between the dye molecules
and the OH radical species. Moreover, the negative entropy values also support this.

3.2.6. Catalyst Stability and Reusability

To investigate the adequacy of the catalyst activity, its cyclic use was examined. To
assist this investigation, the catalyst was collected after each use, washed with distilled
water, and then subjected to oven drying for 1 h (105 ◦C). The catalyst loss was calculated,
and it did not reach more than 1%. Then, the recovered catalyst was used for dye treatment
at the optimal reagent doses of 818 mg/L, 1.02 mg/L, and 3.0 for H2O2, the Fuller’s earth
catalyst, and pH. The catalyst was repeatedly used, and its efficiency for treatment was
examined. The catalyst reactivity reduced, achieving only 73% dye removal in the sixth
cycle compared to the 99% achieved with the use of the fresh catalyst, as shown in Figure 12.
However, it is worth mentioning that the catalyst was still efficient in removing dye from
the aqueous solution. This reduction in the catalyst efficiency could be associated with
the dye molecules occupying the active sites of the catalyst surface. Thus, its efficiency
in producing hydroxyl radicals is reduced, and they are the horsepower of the oxidation
reaction. Such a reduction in the catalyst efficacy after multiple uses has previously been
reported in the literature [6] investigating the magnetized biomass catalyst recyclability in
treating polluted wastewater.

It is worth mentioning that various researchers [6,11,33] have suggested that using
a solvent for dye desorption might result in the regeneration of the catalyst. Moreover,
eliminating the dye molecules occupying the catalyst surface through temperature elevation
might also regenerate the catalyst. Additionally, changing the pH of the medium to
achieve dye desorption could facilitate catalyst regeneration [34]. Moreover, introducing
supercritical CO2 to substitute the organic solvents for the desorption ability is a promising
technique since it overcomes the environmental concerns regarding hazardous solvents.
These suggested methods might elaborate the stability and recyclability of Fuller’s earth.
Not only can these methods regenerate the Fuller’s earth material, but they can also recover
and enable the collection of the dye adsorbate rather than destroying it, which is suggested
to be an ideal sustainable solution. Therefore, these techniques are recommended for
improving catalyst regeneration.
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Figure 12. Catalyst reusability efficiency for cyclic use.

3.2.7. Data Comparison with Previous Fenton Studies

A comparison of various data presented in previous studies cited in the literature
using the Fenton reaction to treat various types of dyes was carried out, and the results
were compared with those of the current investigation. The comparison study is based on
the modified Fenton system to examine the adequacy of the modified current study, and
the comparison data are exhibited in Table 5. Regarding the oxidation removal efficiencies
of the different processes, according to the data tabulated in Table 5, the Fenton reagent
could achieve almost complete oxidation of various dye types. However, some systems
are characterized by a low efficiency, such as the H2O2/Fe-zeolite and H2O2/Co-Fe2O4
systems. Additionally, it is worth mentioning that, in the current study of the modified
Fenton system based on the use of Fullers’ earth as a naturally occurring catalyst, only a
limited time is needed in the current investigation for the reaction (20 min) compared to
the other systems. Moreover, the current modified Fenton system is an efficient, superior
mode of treatment since it is based on a naturally abundant material that is considered
a minimal or costless catalyst. Thus, this current suggestive study is much better and
cheaper, especially when the Fullers’ earth catalyst is used as the source of the photo-
Fenton system. Additionally, the process is environmentally friendly compared to the
other techniques listed in Table 5, as they are not based on the use of naturally occurring
substances as catalysts.

Although the other oxidation reactions also exhibited high dye removal efficiencies
that almost resulted in complete removal, it is significant to mention that the catalyst
source in the other studies was a metal-based synthesized catalyst. In the current study, the
catalyst was based on a naturally abundant material. The efficiency of the current method
being higher than that of the other Fenton technologies in Table 5 might also be associated
with the occurrence of multiple metals in the catalyst, which increases the oxidation rate.
Further, the catalyst dose in the current investigation was quite reasonable in comparison
to that in the other studies, and the hydrogen peroxide reagent was not quite as high, with
some studies reaching 2720 mg/L. However, in the other studies, only a minimal amount
of hydrogen peroxide was essential, reaching 0.68 mg/L. Moreover, a higher reaction time
was essential, reaching 150 min with a treatment efficiency of 79%. Additionally, it is
worth mentioning that such data are attained when applying a costless, naturally abundant
catalyst in treatment in comparison to the other mentioned systems in Table 5. Typically,
the use of natural materials is superior in treatment due to their advantages of having
environmentally benign characteristics.
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Table 5. Comparing efficiency of various Fenton-based systems in oxidizing dyes.

Fenton System
Target

Dye Pollutant
Initiation Source Operating Conditions Oxidation Time Efficiency Ref.

H2O2/Fullers’ earth Levafix blue Ultraviolet
illumination

Catalyst 1.02 g/L; H2O2
818 mg/L; pH 3.0;
Temperature 298 K

20 min 99% Current work

H2O2/Clay-Fe3O4 Levafix blue Ultraviolet
illumination

Catalyst 1 g/L; H2O2
400 mg/L; pH 3.0;
Temperature 300 K

30 min 100% [13]

H2O2/Fe-laponite Acid Black 1 Ultraviolet
illumination

Catalyst 1 g/L; H2O2
218 mg/L; pH 3.0;
Temperature 298 K

120 min 100% [34]

H2O2/Fe-zeolite Acid Blue 74 Ultraviolet
illumination

Catalyst 0.3 g/L; H2O2
228 mg/L; pH 5.0;
Temperature 298 K

120 min 55% [35]

H2O2/Fe2.46Ni0.54O4 Methylene blue Dark Fenton
Catalyst 1.0 g/L; H2O2

340 mg/L; pH 7.0;
Temperature 298 K

50 min 10% [36]

H2O2/Co- Fe2O4 Methylene blue Natural
solar radiation

Catalyst 0.2 g/L; H2O2
0.68 mg/L; pH 5.0;
Temperature 298 K

150 min 79% [35]

H2O2/Mn-Fe2O4 Methylene blue Natural
solar radiation

Catalyst 1.0 g/L; H2O2
2720 mg/L; pH 7.0;
Temperature 298 K

80 min 100% [36]

H2O2/Cu-Fe2O4 Methylene blue Ultraviolet
illumination

Catalyst 0.2 g/L; H2O2
0.68 mg/L; pH 5.0;
Temperature 298 K

80 min 90% [37]

3.2.8. Validation of Reclaimed Water

A physicochemical characterization of the water was carried out to determine its
potential application. Both dyed wastewater effluents, as well as the water sample treated
with the modified Fenton system were characterized. The median values of the wastewater
properties, before and after treatment, were determined, and they are listed in Table 6. The
performance of the modified Fenton system is clear from the data displayed in Table 6.
The results demonstrate that, under UV illumination conditions using the Fenton catalyst,
the Chemical Oxygen Demand (COD) reduced from 420 to 38 mg/L. The non-treated
dye-containing wastewater presented a high concentration of COD. This resulted from
effluent oxidation. Thus, the Fenton reagent treatment was able to oxidize and degrade
most of the organics in the wastewater (90% COD removal). Moreover, when compared to
the non-treated water, the reclaimed water, that is, the modified-Fenton-treated wastewater,
exhibited lower dissolved oxygen (DO), turbidity, and suspended solids. However, the
pH declined due to the Fenton reaction being carried out in the acidic range. It is worth
mentioning that this acidic range might be altered prior to reuse. Such technology suggests
that wastewater might be reused without severe toxicity accumulation. The quality of
the dye wastewater treated using the modified Fenton treatment system is good enough
for reuse in textile dyeing processes [38–40]. Hence, to verify the possibility of reusing
reclaimed water, it is important to perform reuse tests.

Table 6. Wastewater characteristics, including physicochemical properties.

Parameter (Unit) Suspended Solids (mg/L) Turbidity (NTU) pH DO (mg/L) COD (mg-COD/L)

Wastewater 120 34 5.0 2.4 420
Treated water 38 2.5 3.0 2.3 28
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4. Conclusions

In the current investigation, Levafix dye oxidation as an example of reactive dye
molecules in aqueous media was conducted using a modified Fenton technique with
Fuller’s earth as the elemental catalyst source. SEM and FTIR suggested that the oxidation
reaction was highly efficient due to the presence of a porous medium and elemental
sources. The Levafix Dark Blue dye removal rates verified the effectiveness of the Fuller’s
earth-based Fenton treatment system. Response surface methodology based on a Box–
Behnken factorial design was used to optimize the operating conditions, and the optimum
values were 818 and 1.02 mg/L for Fuller’s earth and hydrogen peroxide, respectively.
This investigation found that using an optimal pH of 3.0 resulted in a 99% removal rate
within 15 min of the illumination time. The kinetic rate equation for the system was best
modeled by a second-order equation that well fitted the experimental results. The data of
the experimental work, coupled with the calculated thermodynamic parameters, verified
the significance of the system in removing azo dye. Therefore, this study demonstrates
a sustainable and environmentally benign Fenton system since it is based on a naturally
occurring catalyst. It is worth mentioning that the results of the current study have led to
the application of such a technique in real textile wastewater effluent. However, more data
are required to apply such a system to real textile effluent for both scientists and industrial
operators. Additionally, much effort can be made to better design solar photocatalysis
to satisfy the industrial sector and operate in a more economic flexible system to meet
wastewater treatment requirements. Thus, upgrading such technology could highlight a
new opportunity for the industrial sector.
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