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Preface to “Wastewater Treatment: Current and

Future Techniques”

With the rapid growth in industrialization and urbanization, water contamination has worsened

as a result of the incessant discharge of toxic substances into water bodies, which has become a

worldwide problem. Therefore, one of the most vital challenges for sustainable development is to

supply clean water. Additionally, one of the sustainable development goals of the United Nations

emphasizes the access to water and sanitation for all. Consequently, the treatment and reuse of

wastewater have become vital concepts in the attempt to improve water availability.

The main goal of this Special Issue is to address the existing knowledge gaps concerning the

new techniques in water and wastewater treatment with maximal efficiency and minimal energy

consumption. Due to the demands of clean water, it is expected that the new techniques in the

removal of wide ranges and types of contaminants from water bodies will play a more prominent

role in the future global water supply. Finally, we would like to express our appreciation to the staff

at MDPI, the editorial team of Water, the assistant editor of this Special Issue, the talented authors,

and professional reviewers.

Amin Mojiri, Mohammed J.K. Bashir

Editors
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1. Introduction

With the rapid growth in urbanization and industrialization, environmental con-
tamination has worsened due to the incessant discharge of toxic substances into water
bodies, which has become a worldwide problem [1]. Furthermore, the demand for water
in domestic and industrial activities has significantly increased, which has accordingly
increased the amount of wastewater that is released into sewage systems. Thus, the reuse
and treatment of wastewater have become important concepts in the attempt to increase
water availability [2]. The wastewater industry is in a state of transition [3] due to the
recent wastewater effluent standards and emerging contaminants such as pharmaceutical
and personal care products, and dyes in water bodies [4]. At present, several physicochem-
ical methods (e.g., advanced oxidation process, adsorption, and membrane technologies),
biological methods (e.g., activated sludge process, phytoremediation, bioremediation, and
anammox), and hybrid methods have been developed to treat polluted water [1]. However,
a treatment method with maximum efficiency in the removal of all kinds of contami-
nants is still far being realized. Moreover, the United Nations’ sustainable development
goal (https://www.un.org/sustainabledevelopment/water-and-sanitation/ (accessed on
25 January 2022)) emphasizes access to water and sanitation for all. All these issues led to
the proposal of a Special Issue (SI) entitled, “Wastewater Treatment: Current and Future
Techniques”. This SI discusses state-of-the-art wastewater and water treatment technolo-
gies that could be used to develop a sustainable treatment method in the future. On this
topic, studies have focused on measurements, modeling, and experiments under laboratory
and field conditions.

2. Summary of the SI

Original research and review papers (12 papers in total) on advanced technologies
applied to the treatment of industrial wastewater, domestic wastewater, and sludge were
published after the peer-review process. The studies presented in this SI include the
following themes.

One of the current main concerns is the emerging contaminants in water bodies.
For instance, widespread water contamination with perfluoroalkyl and polyfluoroalkyl
substances (PFASs) has become a great concern [5]. In this SI, Abunada et al. [5] monitored
the concentrations of PFASs worldwide. Moreover, previous studies [6,7] have reported that
conventional wastewater treatments have failed to remove emerging contaminants from
water bodies. Therefore, researchers have tried to propose new systems with maximum
performance in removing emerging pollutants. In a study published in this SI, 89.73% of the
amount of polycyclic aromatic hydrocarbons was removed from water at optimal conditions
using the ferrate (VI) oxidation process [8]. In another study, UV light and oxidizing
disinfectants removed from 0% to 99.9% of the amounts of cetirizine, furosemide, diclofenac,
losartan, venlafaxine, benzotriazole, and lamotrigine [9]. In addition, Alazaiza et al. [10]
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discussed the performance of several natural coagulants in eliminating pharmaceuticals
and personal care products from water bodies. The use of these natural coagulants has
been described as an efficient method of removing emerging micropollutants.

Furthermore, in recent years, water contamination with dyes, which are harmful
organic pollutants, has become a serious issue. Consequently, the elimination of these
contaminants from water is a global demand to ensure human and environmental safety. In
one study, more than 80% of anionic dye reactive black 5 (RB5) was removed with hybrid
hexadecylamine-impregnated chitosan powder-activated carbon beads [11]. In this study,
adsorption data were fitted to the Freundlich and pseudo-second-order models.

Another toxic compound found in water bodies is ammonia, and ammonia contami-
nation in wastewater and water bodies has become a major environmental problem [12].
Several techniques have been established for the treatment of nitrogen. Among these
techniques, anaerobic ammonium oxidation (anammox) has received researchers’ attention
for nitrogen removal purposes. Anammox is a microbial procedure in which ammonia is
oxidized to nitrogen gas, with nitrite as the electron acceptor [13]. Hosokawa et al. [13]
studied the cometabolism of Patescibacteria with anammox in an anammox reactor. On the
basis of their study, Patescibacteria might play an ecological role in supplying lactate and
formate to other coexisting bacteria, supporting growth in the anammox reactor.

The discharge of heavy metals into the environment has significantly increased. The
main source of heavy metal ions is the industrial effluents of various processing indus-
tries [14]. The toxicity of heavy metals has already been proven to be a major threat to
humans and the environment [15]. Almost 75% of hexavalent chromium (Cr VI) was
removed using rice husk. In the study by Bhattacharjee et al. [15], the adsorption data were
more fitted to the Dubinin–Radushkevich and Langmuir models.

Wastewater and landfill leachate contain different organic and inorganic contaminants.
Among the several techniques for removing a wide range of pollutants, membrane filtra-
tion could provide a suitable purification process [16]. By using a new polyvinylidene
fluoride membrane synthesized by integrating powdered activated carbon, 35.3% of chem-
ical oxygen demand, 48.7% of color, and 22% of ammonia were removed from landfill
leachate [16]. In addition, different types of membrane techniques were discussed in terms
of their performance in the treatment of poultry slaughterhouse wastewater [17]. Moreover,
several treatment methods, such as membrane and biological methods, were discussed
and compared by Gutu et al. in terms of their performance in the removal of organics and
nutrients [18].

Finally, green and sustainable wastewater technologies (GSWTs) have recently at-
tracted researchers’ attention. GSWT represents a term that denotes sustainable and
environmentally friendly approaches to wastewater treatment [19]. Nanoremediation
and microalgae-based systems can be considered important GSWTs. Alazaiza et al. [20]
mentioned the advantages of using nanoremediation technologies for remediation. In
another study, microalgae harvesting with biopolymers was described by Ang et al. [21] as
a sustainable algae-based system.

Author Contributions: Writing—original draft preparation, A.M.; writing—review and editing,
M.J.K.B. All authors have read and agreed to the published version of the manuscript.
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Abstract: The current article reviews the state of art of the perfluoroalkyl and polyfluoroalkyl
substances (PFASs) compounds and provides an overview of PFASs occurrence in the environment,
wildlife, and humans. This study reviews the issues concerning PFASs exposure and potential risks
generated with a focus on PFAS occurrence and transformation in various media, discusses their
physicochemical characterization and treatment technologies, before discussing the potential human
exposure routes. The various toxicological impacts to human health are also discussed. The article
pays particular attention to the complexity and challenging issue of regulating PFAS compounds
due to the arising uncertainty and lack of epidemiological evidence encountered. The variation in
PFAS regulatory values across the globe can be easily addressed due to the influence of multiple
scientific, technical, and social factors. The varied toxicology and the insufficient definition of PFAS
exposure rate are among the main factors contributing to this discrepancy. The lack of proven
standard approaches for examining PFAS in surface water, groundwater, wastewater, or solids adds
more technical complexity. Although it is agreed that PFASs pose potential health risks in various
media, the link between the extent of PFAS exposure and the significance of PFAS risk remain
among the evolving research areas. There is a growing need to address the correlation between the
frequency and the likelihood of human exposure to PFAS and the possible health risks encountered.
Although USEPA (United States Environmental Protection Agency) recommends the 70 ng/L lifetime
health advisory in drinking water for both perfluorooctane sulfonate (PFO) perfluorooctanoic acid
(PFOA), which is similar to the Australian regulations, the German Ministry of Health proposed a
health-based guidance of maximum of 300 ng/L for the combination of PFOA and PFOS. Moreover,
there are significant discrepancies among the US states where the water guideline levels for the
different states ranged from 13 to 1000 ng L−1 for PFOA and/or PFOS. The current review highlighted
the significance of the future research required to fill in the knowledge gap in PFAS toxicology and to
better understand this through real field data and long-term monitoring programs.

Keywords: poly-fluoroalkyl substances (PFASs); toxicology; PFAS health risk; regulatory values

1. Introduction

Widespread surface and groundwater contamination with perfluoroalkyl and polyfluoroalkyl
substances (PFASs) has become of great concern in the last few years. PFAS was first realized in the
globe through the identification of perfluorooctane sulfonic acid, C8F17SO3H (PFOS), in wildlife [1,2].

Water 2020, 12, 3590; doi:10.3390/w12123590 www.mdpi.com/journal/water5
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PFASs have recently received increasing global attention because of their persistence and toxicity in the
environment, bioaccumulation potential, and possible adverse health impacts [3]. PFAS are commonly
have an aliphatic carbon composition in which hydrogen molecules have been replaced by fluorine
completely (prefix: per-) or partially (prefix: poly-) [4]. These compounds are characterized by their
highly polar and strong carbon fluorine bonds [5]. They are considered as highly fluorinated surfactants
that have been applied in numerous industrial applications and manufactured goods including food
packaging, firefighting foams, clothes and protective coatings for fabrics and carpets, electronics and
fluoropolymer manufacturing [1,2,5–9]. The most extensively produced and frequently detected PFASs
in the environments are perfluorooctanoic acid, C7F15COOH (PFOA) and perfluorooctane sulfonic
acid, C8F17SO3H (PFOS) [1]. PFASs have been discovered in different environmental compartments,
including water, sediment organisms, and air [6,10–12].

PFAS has been a serious concern to industry, governments scientists, and even to the public
worldwide [13]. It has been detected in various aquatic matrixes, including rain, snow, groundwater,
tap water, lakes, and rivers with the C8-based substances PFOS and PFOA typically being the
dominating compounds [4,9,14]. PFAS degradation products can be freely mobile in water, soil,
and air, and can be extremely resistant to breakdown by different processes. The complexity of
measuring PFAS in various media, and the associated unknown risks are among the challenges facing
the current regulatory bodies [4]. Typical concentrations of PFASs in water are very low, however,
higher concentrations of (mg/L) have been observed in surface and groundwater after firefighting
activities closed to fluorochemical manufacturing facilities. PFASs spread worldwide has triggered the
governmental concern towards regulating the exposure and spread of PFASs [15,16]. Although there
is enough evidence about the negative impacts of PFAS on human and animal health, the scale
of the risk imposed by PFAS compounds is not fully understood. The current regulations tend to
address the potential risk limit for various wildlife where the PFASs persistence, bioaccumulation
potential, and toxicity (PBT) raise a great concern [6]. Several studies have reviewed various aspects
related to PFASs fate and behavior in different environments. They also reviewed the sources and
occurrence of PFOA in drinking water, toxicokinetic, and health impacts [17–21]. Other reviews
on PFASs have discussed different aspects such as environmental biodegradation of PFASs, PFASs
removal from drinking water treatment plants, wastewater treatment plants and PFASs transformation
in landfills [22–24]. The authors are aware of the developing research concerning PFAS and the many
reviews investigating the PFAS human exposure, fate, transport, accumulation, health hazard and
guidelines [2,5,16,25–31]. The current mini review investigates the PFAS occurrence in collective all
geo-environmental compartments and is the first to collate the various international PFAS standards
in one article. The current study reviews existing publications in the field of PFAS and aims to:
(i) summarize the recent publication in the field of PFAS and ensure easy access of the research on the
occurrence and behavior of PFASs in various environments, (ii) to identify knowledge gaps in the PFAS
field, particularly the discrepancies in the current prevailing legislation and practices across various
countries, and (iii) to present the key future research directions to better address the PFAS issue.

2. The Developing Trend in PFAS Research

PFAS was first detected in the early 1950s in the form of PFAO and PFOS as a part of the Teflon
production process [4]. A few decades later, in the early 1990s, and due to the development of the
analytical techniques and instrumentation advancement, PFAS was detected in environment at low
concentrations. The investigation on PFASs was evolved in early 2000s when a voluntary phase- out in
production of the parent chemical to PFOS was undertaken [32]. Due to the significant development
of PFAS production in 2009, more attention was paid to limiting PFAS production whereby many
researchers and institutions investigated the source, fate, and impact of PFAS compounds (Figure 1).
The related articles published recently were extracted from Scopus based on the following keywords:
perfluoroalkyl and polyfluoroalkyl substances, assessment of perfluoroalkyl substances, accumilation
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toxicity of PFASs, treatment of perfluoroalkyl and polyfluoroalkyl. In total, 122 articles were selected
based on their relevancy, scope, and depth of discussion.

 
Figure 1. Total number of documents published, concerning PFAS from 2000 to 2020 (data extracted
from Scopus; October 2020).

As a result, the research trend reflected by the number of publications concerning perfluoroalkyl
and polyfluoroalkyl compounds have been augmented considerably in the last two decades and
resulted in a much better understanding of the adverse health effects related to the exposure of PFOA
and PFOS [33].

Moreover, it was observed that developed countries have invested much more than other countries
on PFAS research, which was reflected by the research funding number of publications as shown in
Figure 2. Nevertheless, not all countries share the same concerns and interests due to many various
reasons. Some of these reasons are driven by economic factors, where the PFAS is still not on the
priority list, as shown in Figure 2. Other factors are associated with industrial and sociopolitical factors,
where PFAS form a significant part in industry.

Figure 2. Total number of documents published by top 10 countries concerning PFAS from 2000 to
2020 (data extracted from Scopus; October 2020).

3. PFASs Occurrence and Transformation

Due to the strong C-F bonds in PFASs, they are highly stable and PFASs are unlikely to degrade
easily in the environmental matrices [34]. PFASs in the environment has been resulted from several
sources. The sources of PFASs in groundwater, drinking water, and surface water could be categorized
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into (i) point as well as (ii) diffuse sources. Wastewater treatment plants are considered as the most
common point sources of PFASs to surface water. Other forms of point sources have been found to
have a high impact on surface water in the USA including industrial pollution from PFAS production
sites. In addition, it was observed that high concentrations of PFASs can be existed in surface water
closed to commercials and military places due to the usage of aqueous film forming foams (AFFF) that
contains PFASs. Landfills are considered as important point sources for PFASs in groundwater that
comprise PFAS polluted waste in China, and that they could cause a hazard for tap water pollution [35].
Also, in Europe, landfills have not been supported to a significant degree in terms of their capacity for
groundwater PFAS contamination. The following subsections illustrate the different occurrence of
PFASs in the environments.

3.1. PFAS in Environment

3.1.1. PFASs in Water

The level of PFAS as well as their fate in water bodies have been investigated be many researchers as
water represents one of the main pathways for human exposure to [36–41]. The consistent detection of
PFAS compounds such as perfluoroalkane sulfonates (PFSAs) and perfluoroalkyl carboxylates (PFCAs)
in tap water samples at various locations has raised the concern over their potential health risk [37].
Such detection has been reported in drinking water samples in Europe, China, Malaysia, Thailand, USA,
Singapore, Vietnam, and Brazil [4,14,20,36,37,40–48]. Other compounds, including perfluoro hexanoic
acid (PFHxA) [38], perfluorooctanesulfonamide (PFOSA) [32], and perfluorinated phosphonic acids
(PFPAs) [49], are also among the commonly detected compounds in water samples. This relatively
persistent level of PFAS exposure increases with the increased drinking water contamination events
where it was estimated that the average human daily PFAS intake ranges from 0.17 to 0.21 ng/kg
bodyweight/day for PFOS and PFOA, respectively [50]. The results by Gellrich et al. [50] revealed
that short chain PFAS (<8 carbon atoms) were dominant in samples collected from tap water with a
maximum level of 42.7 ng/L followed by mineral water and spring water [50]. One of the kay aspects
on PFAS level in drinking water is the difference in PFAS level in both treated and source water.
An interesting finding by Lu et al. [37] indicated that PFAS concentration was higher in treated water
compared with the source water which could be accounted by the potential contamination that may
occur whilst treated water moving through the water network and the treatment plant facilities [37].
Moreover, literature showed that various and inconsistent pattern of PFAS compounds was found
on many occasions. While PFOA was dominant PFAS compound in tap water samples tested from
Shanghai, Beijing, and Nanjing, PFOS was the key PFAS compound in water samples collected from
Shenzhen and Hong Kong, accounting for more than 50% of the total PFAS compounds.

Moreover, researchers found mysterious temporal and spatial patterns of PFAO and PFOS across
the various events where a comparison of PFAS levels in tap water in various Chinese cities revealed
that the PFAS level varied significantly from one city to another with the highest was reported in
Shanghai [37]. Moreover, the inconsistent and varied PFAS level was also significant across various
countries. Quinete et al. [42] found that, unlike the pattern and the level of PFAO and PFAS level
in the USA and Japan tap water samples, PFOS level was higher than PFOA in tap water samples
collected in China [42]. An average level of total PFCs of 130 ng/L was measured in tap water samples
from Shanghai (China), and a much lower maximum PFCs level was identified in water samples from
Toyama (Japan) (0.62 ng/L) [44]. An average of 2000 ng/L was identified in in treated drinking water
distribution system at the city of Oakdale, USA. This seems to be a very extreme level of PFAS where a
health-based drinking water level of 0.04 g/L was assessed as a protective lifetime exposure through
risk assessment exposure [12].

One of the main concerns about PFAS contamination is their persistence and bioaccumulation
properties as well as the potential to travel with either water streams or sediments. Traditional treatment
facilities seem unable to eliminate PFASs during normal treatment processes [51]. PFAS discharge
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into water bodies was also reported by Boiteux et al. [47] where river water proved to be impacted by
the nearby fluorochemical manufacturing industry. This confirms that discharge of PFOA and PFOS
are still detected in nearby industrial and manufacturing facilities. Results showed that river water
and sediment samples as well as treated water samples at various stages from the main treatment
plant have all showed various level of PFCA compounds coming from the manufacturing industry.
Interestingly, PFCA was also detected at sediment samples at 62 km away from the source in almost
50% of the samples [47]

The occurrence of PFASs in surface water is frequently happening across many countries around
the world [52]. Researchers have conducted several field studies for different types of surface water to
investigate the occurrence and presence of PFASs [2,23,29,53,54]. A previous study was conducted to
assess the level of PFASs from different locations in Gangs River, India. Results showed that around
15 types of PFASs were found in the water samples where the highest level detected was for PFHxA
and PFBS. In addition, significant relationships were detected (p < 0.05) between the different PFASs
substances such as PFCAs, PFSAs, PFBA, and PFHxS, indicating chemical binding and co-transport
with dissolved oxygen carbon (DOC) in fresh and seawater. Consequently, assessed the pollutants
concentration and spatial distribution of PFASs in Shuangtaizi Estuary, China. Results showed that the
Shuangtaizi Estuary was in general polluted by PFASs. The total concentration of PFASs varied from
66.2 to 185 ng/L and from 44.8 to 209 ng/L in surface and bottom water of the Shuangtaizi Estuary,
respectively, where the maximum concentration was reported for PFBS and PFBA. The level of PFASs in
different environmental matrices was tested including surface runoff water rain, snow, and lake water
in an urban area, to identify the sources of PFASs to urban water bodies [36,39,40]. Another research
conducted by Yin et al. [55] discovered a significant temporal variation of PFASs compounds level over
12 months period due to the seasonal and climatic dry and wet conditions. Moroer, PFASs concentration
was a function of the chain length where the level of short-chain compounds including PFBS, PFHxA
and PFHpA tend to be highly influenced and decreased by the wet conditions. On contrary the level of
long-chain PFASs compounds was more stable in both wet and dry conditions. These findings provide
a good understanding to the leachate of PFAS compounds from point source pollution as landfills and
treatment plant. The leaching of long chain is more likely controlled by the partitioning effect whilst
the short chain leaching is influenced by the climatic conditions [55].

Another main finding in the field of PFAS in water is the variation of the PFAS where PFOA
was the major compound with an average concentration of 35% of the total PFASs levels, in all
environmental matrices investigated. In addition, the concentrations, and relative substances of PFASs
in surface water were comparable to the concentrations found for urban lakes. Surface water leads to
PFOA pollution in urban lakes. A sampling campaign was conducted in different seas in China in
2012. The results revealed that the higher concentration of PFAS was detected in the South Yellow Sea,
where FTOH was the predominant substance, contributing 92–95% of the total PFAS [2].

3.1.2. PFASs in Soil

PFAS was detected in soil at various concentrations due to the reach out from various pollutions
sources where PFAS compounds retain in soil due to sorption, partition and other complex reaction [56].
Table 1 shows the range of PFAS concentration in soil. The application and the reuse of sludge
from wastewater treatment plants in farmlands is one of the main sources that contribute to soil
contamination [57]. Other sources could be due to the degradation of fluorotelomer-based materials
that lead to the release of PFCAs [43], precipitation, and water irrigation [58]. PFAS compound in
soil in coastal areas can be emitted from direct sources which could level the PFAS concentration up
to around 8–50 μg kg−1 soil as was reported in Chinese soil [45] which is somehow higher than the
proposed PFCs in soil proposed by the USEPA (6 mg/kg for PFOS and 16 mg/kg for PFOA). One main
concern about PFAS in soil is the potential PFAS release and carryover by plants as well as the possible
PFAS leaching to the underneath soil layers and the groundwater. This carryover of PFOA and PFOS to
the plant was evident where the PFAS level in plants was proportionally related to the PFOA/PFOS in
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the soil [59]. PFCs uptake from contaminated soil by crops was reported [60], where samples from rye
grass, grain, and potatoes showed high potential of PFCs transfer from soil to crops [60]. This resulted
in proposing a preventative PFCs limit of 100 ng/g dry soil in sludge to be reuse for farming purposes
as to limit the potential transfer of PFCs from soil to plants and crops [59]. Moreover, the potential
leaching of PFAS from soil through vadose zone is another threat that requires more attention and
understanding where insufficient data about in-situ soil remediation and contaminants leaching to the
groundwater are available [60]. The development of PFAS compounds in the soil system is complex
since PFAS compounds can attain both hydrophilic and hydrophobic characteristics [56]. While the
transfer of PFAS from soil to plant roots undergo through diffusion and sorption onto roots, there are
still insufficient details about the PFC transfer rates in various crops and vegetables [59]. This result
was confirmed [59] where they found the straw and grains of maize plants have the same carboxylic
and sulfonic functional groups as in the contaminated soil referring to a direct correlation between soil
and crops PFASs contamination.

PFASs toxicity their impact on soil microorganisms is among the other factors that can deteriorate
the soil quality. Research found that the PFCs can negatively affect the soil functionality where it
may disturb soil enzyme activity as well as change the microbial availability and damage the cellular
structure [61–63]. The same result was confirmed by Sun et al. [64] as the soil contaminated with PFASs
compounds had less bacterial diversity [64]. PFOA and PFOS are the dominating compounds reported
in soil where their concentration ranged from <1 to around 13,000 ng/g in soil [56]. The fate of PFASs
in the soil is a function of many parameters including soil pH, soil structure, clay content, organic
matter content (OM), PFAS characteristics (long versus short chain), and climatic conditions [61].
OM seems to be the most significant controlling factor determining the PFAS toxicity level where
the PFAS toxicity is inversely proportional with the soil OM content [34,65]. Additional research
on PFAS adsorption and migration from soil to the groundwater and how this can migrate with
the groundwater is still a research gap needs more investigation and modelling to account for the
various PFAS concentrations in various groundwater conditions [60]. Contaminated soil with PFAS is
a challenge since there is no definite remediation strategy to address the in situ PFAS remediation.
Although soil stabilization using various reagents such as clay and Portland cement seems to be a
promising technique for soil remediation, it does not provide an elimination for PFAS where it does
not remove PFAS permanently [60]. Finally, the PFAS uptake by plant poses a direct human risk where
the food chain represents a main risk pathway. Therefore, a toxicological risk assessment addressing
the maximum allowed levels of 1.5 and 0.15 μg/kg body weight as TDI μg/kg for PFOS and PFOA,
respectively, were identified by the European Food Safety Agency (EFSA) as a function of the respective
tolerable daily intakes (TDI) of the compounds [59,66].

PFASs compounds are soluble in water and have the potential to leach down to the groundwater
particularly in areas with potential source pollution like landfills and treatment plants. PFASs occurrence
and leaching was reported by many researchers around the world [22,55,67–69]. The potential PFAS
leaching could be alarming in many cases where PFASs were detected at large depths (15 m) below
ground [70]. Yet, the leaching speed and behavior vary from one PFASs to another which depends
on the soil binding, retardation and adsorption capacity [56]. The leaching characteristics of PFASs
compound is a function of the chain length where short chain is more mobile than long ones. An analysis
of the landfill leachate from 27 landfills in Australia was investigated by Gallen et al. [22]. Interesting
findings presented in their study showed that the landfill leachate was significantly different from one
landfill to another with an average PFASs of 1700 ng/L and a maximum PFAS level of 25,000 ng/L [22].
In contrast, the reported PFAO range in USA landfills was ranging between (7280–290,000) ng/L
compared with 214,000 ng/L in China [36]. Nonetheless, these PFAS concentration are highly likely
to vary due to the heterogeneous nature of waste dumped in landfills as well as the varied PFAS
content in the generated landfilled materials. Operating landfills receiving municipal waste had much
more PFAS level than closed ones and the leachate from landfills with construction and demolished
materials seems to leach more PFAS than municipal landfills. Another study investigated the leachate
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from 11 landfills in USA and found that PFAO was detected in all samples [70]. Table 2 presents the
level of various PFCS and PFAS compounds in leachate and compare the PFASs in water and solid.
It can be seen that PFASs levels vary from one compound to another as a function of chain length
and climatic conditions as illustrated in the previous sections. The risk associated from the landfill
leachate is the potential volumes leachate generated particularly in wet climates, which contributes to
the groundwater contamination. The total leachate volume in the USA was estimated to be around
61 million m3 with around 80% coming from landfills [70]. Meanwhile, the leachate mass of

∑
PFA

in China was estimated by around 3 ton per year with the landfill leachate contribute to around 35%
of this quantity [35]. Interestingly, analysis of leachate from young landfills showed much higher
PFAS concentration in many occasions confirming the fact that the complexity and persistence of PFAS
compound has been developed in the recent years where more frequent PFAS containing materials
are in use [67,70]. The uniqueness of the landfills associated with its design capacity, climate, age,
engineering, dumbed materials and frequency and other factors made it hard to predict the amount of
PFAS leachate in various landfills where ad-hoc studies to be conducted. The results from various
areas across the globe showed significant variation of PFAS leachate from one country to another
where a maximum was reported in Australia (25,000 ng/L). This was evident while the leachate was
significantly lower in Norway (590 to 757 ng/L), Germany (<0.37 to 2509 ng/L), and China (146 to
4430 ng/L) [35]. In conclusion, although the phasing out of PFAS materials and the ongoing effort to
eliminate the PFAS release in the environment, yet there seems to be a need to consider more adaptation
strategies dealing with PFAS risk. The increasing evidence of PFAS in newly designed and operated
landfills indicates the potential exposure to higher leaching risk with greater PFAS concentrations is
leaching to the environment is growing [70].
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4. PFAS Treatment and Clean Up: Challenges and Achievement

Due to the persistence nature of the PFAS compounds, landfills and sewage treatment plants are
highly likely to be a potential point source of PFAS emissions. Although the rapid advancement in PFAS
testing and detection, yet the available standard analytical methods still short and there is very little
experimental data detailing the physicochemical properties and partitioning constants of PFAS [19].
This place the treatment process of PFAS under the stress of producing precise and consistent outcomes.
The literature presents various treatment methods of PFAS in various environment. Immobilization
and plasma arc destruction are among the recommended methods to irreversibly transform PFAS
waste. Some studies support the utilization of high temperature incineration as well as the usage
of plasma destruction of PFAS in waste. It may be possible for certain types of waste. However,
in the absence of regulation, there is no specific method to guarantee the universal adoption of such
safer methods of disposing of PFOS wastes. In European wastewaters, it was found that PFOA is
the most commonly found compound [84]. Conventional processes of wastewater treatment were
found to be ineffective in removing of PFOA [85]. Other studies have recorded higher concentrations
of PFOA in wastewater effluents than influences, possibly due to the transformation of the compounds
of its precursor [21]. It was revealed that the degradation of precursor compound substances is a
major supplier to environmental PFAS pollution. Thus, this part focuses on the treatability of PFAS
compounds via conventional and modern water treatment processes. A comprehensive revision is
judgmentally required to have a clear understanding on the transformation, migration and treatment
of these substances in ecosystem and their potential influence on the secondary formation of PFOS and
PFOA [86]. In order to eliminate and/or degrade PFAS, different pre-treatment methods have been
tested in terms of their efficacy [19,20]. Some of these elements can theoretically be implemented as
either a post-treatment or pre-treatment method with controlled aquifer recharge as summarized in
Table 3.

Table 3. Potential Treatment technologies of PFAS.

Mechanism Treatment Process

Destructive Treatment

Advance oxidation processes
Electrochemical oxidation

Incinerations
Sono-chemical
Biodegradation

Photolysis

Non-Destructive treatment
Adsorption

Ion exchange
Fractionation

A detailed review summarizing the sorption mechanism along the sorption coefficients and
capacity of PFAS on sediments is available [11]. Adsorption via activated carbon and ion exchange resins
have been widely employed especially for pump-and-treat remediation to extract PFAS from polluted
groundwater [52]. Compared to others, the use of GAC for PFAS removal has been recommended as a
cheaper process, and it is the most recognized treatment technology for the groundwater contaminated
by PFOS and PFOA [19]. Although the removal efficiency of polyfluoroalkyl substances by granular
activated carbon was >90%, yet the sorption kinetics are normally faster for longer-chained PFAS [87].
For example, Kucharzyk et al. [19] reported that GC, which is optimized and applied effectively for the
removal of PFOS, may not be appropriate for the removal of shorter-chained PFAS.

There is a risk that shorted-chained PFASs are more likely than their longer chain counterparts to
split through a GAC medium. Otherwise, given the highly persistent existence of PFAS, stockpiling of
spent GAC would turn out to be a serious hazardous waste management concern. Storage space is
often restricted in MAR systems, and when leaching to groundwater, the disposal of PFAS polluted
GAC at landfills can present a secondary contamination source to the ecosystem near the landfill
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site. Methods that can effectively kill PFAS are therefore highly desirable in both polluted water and
stockpiled GAC. Other researchers have shown that nanofiltration can successfully extract PFOA from
a spiked sample of groundwater [47]. In their study, three different levels of PFOA, including 5, 50,
and 100 μg/L, were examined, and it was noticed that the remediation effectiveness was higher at a
high PFOA level. At higher PFAS level, RO process could contribute to about 99% removal of PFOS
with an initial concentration of 500 to 150,000 μg/L and a combination of nanofiltration TOGOTHER
WITH reverse osmosis (RO) can achieve 99% PFOS removal and 90–99% PFOA (10,000 μg/L) removal
throughout four days of treatment [88]. Nevertheless, the technique was not capable to ensure that
the treated effluent was less than the recommended guideline values, even with high removal acacias
(99%). Using RO and nanofiltration membranes showed that accumulation (fouling) of PFAS cause
a substantial reduction in flux in the filtration process [88]. Unfortunately, the main drawbacks
of nano-filtration processes are the low water recovery (75% to 80%) and the existence of high
concentrations of inorganic substances comprising magnesium calcium, and silica in groundwater [89].
This provides an indication on the volume of brine water produced which also needs additional
remediation before its final discharge. Table 4 illustrates the performance of numerous selected
treatment technologies for PFAS at the laboratory-scale.
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In the degradation of PFOA and PFOS at ppm (mg/L) levels, methods such as advanced oxidation
processes (AOPs) using ozone (O3) and H2O2/Fe2+ were not effective. At 254 nm, direct UV irradiation
was not capable of removing PFOA [84]. At relatively low temperatures (e.g., 40 ◦C), reaction
rates were low and activation at higher temperatures was needed to speed up the reaction [19].
A functional and scalable approach for treating PFAS appears to be sonochemical therapy. For the
removal of PFASs from water, AOPs based on heterogeneously catalyzed ozonation were used.
Various combinations of ozone, a catalyst and persulfate were performed in laboratory-scale ozonation
experiments. These combinations showed high removal efficiency, using all three parameters [97].
In the pilot-scale setup, within three hours of treatment, the concentrations of all 18 analyzed PFASs were
reduced significantly. Given that the assessed ozonation treatment is already commercially available for
large-scale applications today, it could easily be used in current water treatment trains, but ozonation
will create potentially harmful conversion products that will need to be explored in future research.
It promises to be used to decrease PFAS levels in PFAS-loaded sorbents as a destructive tool (e.g., spent
GAC) [98]. Hydroxyls radicals are normally generated within the bubble from the cleavage of H2O and
O2 to react with or abolish the pollutants. In another study, sonochemical treatment using a pilot-scale
high-power sonicator was carried out for the treatment of 2,4,5-trichlorophenoxyacetic acid [99]. It can
be concluded the sonochemical treatment process was effective in removing organic compounds
(>90%) within a very short duration (a few minutes). Although the sonochemical technique appears
promising for the large-scale treatment of PFAS contaminated products, incomplete PFAS destruction
is currently viewed as a disadvantage. A recent study showed that 6:2 fluorotelomer sulfonate was
less susceptible than perfluoroalkyl analogs (PFOA and PFOS) to sonochemical destruction and
decreased the defluorination rate with a decreased degree of fluorination [100]. Given the recent
focus on integrating deferential PFAS treatment processes in treatment trains in order to optimize the
overall efficacy of PFAS destruction [98] In order to optimize the overall destruction of PFAS in the
polluted media, it seems important to investigate the potential pairing of sonochemical treatment with
alternative methods.

Table 5 summarizes the performance of various type of adsorbents in treating per- and
polyfluoroalkyl substances. As a conclusion based on the treatment techniques performance investigated
previously and partially summarized in Tables 3–5, traditional biological processes of wastewater
treatments were found ineffective in removing of PFOA [85]. Due to the exceptional chemical futures
of PFAS including high solubility, surfactant property, and thermal stability, various traditional and
well-established treatment processes, including chemical oxidation, air stripping, and thermal treatment
are invective in treating PFAS [19]. Similarly, Page et al. [21] indicated that numerous techniques like
adsorption via granular/ powdered activated carbon, ion exchange resins, reverse osmosis, membrane
filtration, advance oxidation techniques, and sono-chemical decomposition have been investigated for
the treatment of PFOA and PFOS from water and wastewater. Accordingly, among several physical and
chemical treatment processes, adsorption process has been comprehensively tested and have shown
to be effective methods for eliminating PFASs from water. It can be observed that the adsorption
capacity and treatment performance using adsorption process were increased when the surface area
increase [19]. Yet, in this adsorption process, the pollutant will be transferred from liquid phase to
solid waste which will need to be managed as a hazardous waste. The main concern and limitation
of RO and nanofiltration membranes is the fouling where PFAS cause a substantial reduction in flux
in the filtration process [88]. Also, the low water recovery and the existence of high concentrations of
inorganic substances comprising magnesium calcium, and silica in groundwater [89]. Yet, the brine
water produced also needs additional remediation before its final discharge. Advanced oxidation
processes are promising and have high potential in the removal of PFASs from water. AOPs were used
recently at laboratory-scale and showed high removal efficiency, using all three parameters [97].
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5. The Key Knowledge Gaps and Future Research

PFOA and PFOS are the most well-known and well-studied PFASs, with an average removal
half-life (t1/2) of 5.4 years and 3.8 years, respectively [7]. In order to ensure that the tested results
represent real PFAS levels in the examined media, field sampling and laboratory hygiene procedures
are important. With many sampling tools used in field and laboratory operations already containing
PFAS, the process of sampling and PFAS testing remain uncertain and need lots of effort to alleviate
the uncertainty involved. Figure 3 shows the molecular structure of PFOS and PFOA.

 

Figure 3. Molecular structures of two representative PFAAs: PFOS and PFOA [8].

Via their fact sheet collection, the Interstate Technology and Regulatory Council (ITRC) outlined
site characterization, sampling safeguards, and analytical process concerns and choices. However, for
the study of PFAS in surface water, wastewater, non-potable groundwater, and solids, there are currently
no validated standard EPA methods [4]. Some US laboratories are applying adapted approaches
based on EPA Method 537 for non-drinking water samples. These updated approaches do not have
clear sample selection or analytical criteria and have not been checked or analyzed routinely for data
quality [110]. As traditional water treatment techniques are unable to effectively remove PFASs, novel
treatment methods are urgently needed to remove PFASs in water [92]. Although the intensive effort
of phasing out many PFAS products with enforcement of alternative chemical production are in place
in many areas across the globe, the risk of PFAS exposures due to the uptake and accumulation in the
various media such as ocean and marine food chains as well as groundwater contamination represents
a great challenge due to the complexity of the impact timescales [111]. The development and the
propagation of the PFAS sites with increased possible exposures to newer PFASs have not been well
defined yet.

Despite the agreed health impacts of PFAS particularly on aged or early aged groups, environment,
no enforceable national drinking water limits and guidelines are in place in many parts across the
globe [33]. There is still limited knowledge around the other PFAS substances. However, there is a
growing evidence that these new detected compounds could have same potential on human health and
may pose similar risks to human and the environment [33,112]. The use of engineered pre-treatment
or post-treatment approaches must be based on a ‘fit for purpose’ definition and carefully combined
with the planned water end use concept in order to make sure that both human and environmental
health threats are properly managed and treated [21].

Another main challenge in PFAS potential health impact with considerable complexity was
reported by Gebbink et al. [112]. They found that in samples collected from food, not only the PFOS
and PFOA levels were overestimated by an order of magnitude, but also there is still a knowledge gap

18



Water 2020, 12, 3590

in identifying the precise percentage of these precursors can contribute to human PFCA exposure since
the exposure pathway remains undefined [112].

In order to evaluate the development of degradation products and potentially undesirable
by-products to track the occurrence of compounds in the gas process and to demonstrate the efficacy of
treatment for other types of pollutants and to apply them to different types of water, further research
is required. Whilst many studies demonstrate the link between PFAS exposure and the deteriorated
immune system particularly in children, there is little evidence to map other health impacts, including
cancer, as it is only noticeable in areas with exceptionally high exposures, with inadequate data to
correlate these exposures to PFAS with neurodevelopment [111].

5.1. Risks Associated by PFAS

The developing use of the PFAS in various commercial and industrial sectors including aqueous
fire-fighting foam, disposable food packaging, furniture, carpets, cookware, water treatment and many
others poses a potential risk to the environment [15,16,49]. Like many other contaminants, PFAS
can accumulate into the environment by either a direct or indirect pathway [113]. Direct sources
and PFAS contamination released from different industries including wastewater treatment plants,
sludge disposal, and landfill sites [4]. There are more than 4000 bioavailable PFAS compounds in
the globe, however, the toxicity values for most of these compounds are still poorly understood
with only few PFAS compounds have defined toxicity values and level [32]. Risk assessment aims
at developing health-based guideline levels upon intensive review of PFAS toxicological level that
cause harm to humans. PFOS was viewed as Persistent Organic Pollutant (POP) by the Conference of
Parties, Stockholm Convention in 2009 where EPA has characterized PFOA as a “likely carcinogen”
and its use was restricted [98]. Unfortunately, this PFAS toxicity level is still poorly understood and
this has created the need to develop defined hazardous and risk registry for the PFAS toxicity values.
This seems to be among the great challenges for the majority of PFAS compounds [53].

Human Exposure Pathways

The first ever published data about widespread PFOS in the environment was reported in 2001
by [6] where PFOS was found in fish and birds tissues as well as marine mammals. The finding
revealed that the level of PFOS in animals is proportionally related with the population density and
the industrialized activities. As such animals in these areas have much higher PFOS level than those
live in remote marine areas [6,30]. Another pathway was found through the food chain where fish
eating animals such as mink and bald eagles proved to have greater levels of PFOS than in their
diets. Another toxicity realization of PFAS was introduced when PFAS compounds were reported
in blood samples from various samples around the globe [32]. Potential health risks associated with
PFAS exposure and the concern regarding their bioaccumulation indicated the tendency towards the
potential exposure through various media and various sources. A study of consumer exposure using
a scenario-based approach to PFOS and PFOA conducted by Trudel et al. [30] revealed an everyday
exposure to PFAS is taking place in many countries resulting in the long-term uptake of PFOS and
PFOA of 3–220 and 1–130 ng per kg body weight per day, respectively [30]. Many health impacts
including cancer, liver damage, and immune system failure have been linked to the PFAS [113,114].
Moreover, whilst the routes of PFAS exposure remains somehow unclear, research agrees that diet is a
potentially main source and well-established research suggests that PFOA is absorbed via inhalation
and ingestion [30,115].

Human exposure pathways for PFOS, PFOA, and other PFAS related substances through various
routes including drinking water, indoor polluted environment, food chain, long term contact with
industries that produce PFAS compound including food packaging or cookware, breast milk, airborne
dust, and air [1,116]. All of which result in cumulative uptake and PFAS build up [18,23,29].
This persistent exposure to PFAS can be poorly reversible due to slow elimination kinetics as well as the
ongoing build up regardless of its magnitude and bioaccumulation potential [23]. China, for example,

19



Water 2020, 12, 3590

has witnessed a surge in PFAS release in the last decade due to the evolving industrial activities.
The release of PFOS in China from industrial sources in 2010 was estimated by about 70 ton which is
six times greater than the reported PFAS release in 2008 [20]. Table 6 shows the PFAS source- pathway
and receptors.

Table 6. PFAS Source- Pathway and receptors.

Sources Exposure Pathways Receptors

Industrial and wastewater effluents Packaging
Consumer products Landfills

Fire-fighting foams

Soil
Biosolids

Dust
Sediment

Surface water Groundwater
Drinking water

Biota (including foods)

Ecological
Aquatic
Benthic

Terrestrial
Avian

Human

Inappropriate treatment and disposal of waste and wastewater proved to pose significant PFAS
risk and contamination [110]. Indirect PFAS generation and contamination take place through the
transformation of perfluoroalkyl precursors and the breakdown of perfluoroalkyl-based products [116].
Both direct and the indirect PFAS generation can pose high contamination and risk to the surrounding
environment including air and drinking water contamination, food poisonous where PFAS have been
identified as a potential threat to public health [117]. The great effort made to counter the propagation
of PFAS levels in various receptors resulted in PFOS and PFOA declines by 32% and 25%, respectively,
in early 2000. Yet, other PFAS compounds continue to increase, suggesting various and more strict
measures to quarantine the spread of the PFAS compounds [49]. This was evident through a long
monitoring program of PFAS concentration in human blood in Norway (1977–2006) which resulted
in the conclusion that PFAS levels increased by more than nine times in men aged between 40 and
50 years old over this period of time, pointing to the rapid development of PFAS contamination and
therefore the increasing potential risks [49].

Due to their high solubility and high persistence, PFAS compounds can migrate in air and water
bodies leading to concentrated level in environment and therefore, pose high risk and toxicity on
public health [49]. This increasing aquatic bioaccumulation, soil/groundwater uptake, fish, seafood,
meat, and vegetables were identified as the most PFAS sources that human can uptake at various
levels [31]. On the other hand, soil contamination is one of the main environmental impacts due to
PFAS spread. Research suggests that PFAS risk is associated with a range of impacts on ecosystem
services. Although the impact and the risk of PFAS still not fully understood due to the poor evidence
of the linkage between human public health and PFAS levels, previous research has found the exposure
to PFAS including PFOA may delay bone development and accelerated male puberty in mice [5].
However, the adverse health effects of PFOA and some other compounds have been confirmed by
several researchers [8,31,110].

PFAS proved to have high resistant to temperature and bio accumulative [118]. Recently, research
has found that humans are normally have a long half-life of serum elimination of PFOS, PFHS,
and PFOA with the recent realization of considerable PFAS levels in various media including fish,
birds, mammals and human blood seems to be alarming and call for urgent intervention to alleviate
any further degradation in the public health as well as the ecosystem [17,18,118,119]. Niu et al. [119]
found that PFAS compounds, including PFOS and PFOA, pose a high risk to human and public
health. The high linkage between the PFOS and PFOA and neuropsychological development in
children was investigated and realized by Niu et al. [119]. They found that the PFOS and PFOA
increased the risk of development problem and had significant impact on human health including
the personal-social skills particularly among females [7,119]. The recent discovery proved that PFOA
has been linked to the increased incidence of weight loss and even a disturbance in lipid system
when the tests were conducted on laboratory animals [118]. Moreover, recent research on animals
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suggested that PFAO and PFOS are among the main causes of cancer where the two compounds were
classified as carcinogenic substances. The same effect on humans is suggested by the World health
Organization (WHO) who found that both PFOA and PFOS are potential carcinogenic materials to
human bodies [111]. Other studies found high linkage between PFOA exposure and high cholesterol
leading to liver enzymes and kidney cancer [110]. Other studies have found increasing level of PFOS
and PFOA in the blood samples of human population and wildlife reflecting that severity of the
exposure to the widespread of PFAS chemicals [8]. Another good evidence of PFAS exposure and
potential risk was reported by the ATSDR [8] where blood serum concentrations with high PFOS and
PFOA level were found in workers living near potential PFAS facilities and industries compared with
normal population [8].

In summary, despite the many trials to limit the PFAS spread and the endorsement of phasing
out the main PFAS substances (expressed in PFOS and PFOA), other compounds including PFAAs
and related substances are still widely used in various industries including fire-fighting foams,
photographic, semiconductor and others [20]. Therefore, the detection of PFAS in human bodies have
not decreased [20,31,32,49]. Research has found the level of adverse health impact with the level of
significance are depending on the extent of exposure, the duration, and the persistence [10].

A study by the French total diet [112] found that mothers are likely to provide a pathway of PFAO
to their children through breast feeding where PFOA was noticed in 77% of the breast milk samples
at an average level of 0.041 ng/mL and a maximum level of 0.308 ng/mL [119]. Also, because of the
their immature developing immune system and fast body growth, children are probably much more
sensitive to the impacts of PFAS [8]. A more valid link between PFAO and the adverse human health
was realized when a sample of around 69,000 people in the Mid-Ohio Valley were tested for PFAS
as the analysis of the water supply system there revealed a considerable level of PFAO (>50 ng/L of
PFOA) [5].

6. PFAS Water Quality Guidelines

6.1. Current Llegislations and Practices in Various Countries

PFAS guideline threshold values are affected by several factors, including social, political,
and economic influences [5]. The variation in the regulatory values of PFAS across different guidelines
can be easily addressed. One of the main reasons is the differences in toxicology decisions and
differences in exposure parameters [4]. Moreover, PFAS compounds encounter both temporal and
spatial variation and as emerging contaminants, the regulations are rapidly changing to account
for the developing knowledge. However, the protection of the human health remains the main
focus of the PFAS regulations and guidance across all regulations and standards [4]. The Interstate
Technology and Regulatory Council (ITRC) indicated the significant variation in PFAS regulations by
identifying the states that have different guideline for PFOA and/or PFOS levels in drinking water and
groundwater from EPA’s health advisories (HAs) [4]. One main reason for that is due to the different
bodies that regulate the PFAS. Whilst the environmental perspectives of PFAS is regulated by the
(EPA). Toxic Substances Control Act (TSCA), their use in food is regulated by FDA which is normally
associated by lack of certain scientific evidence on their hazardous impact and exposure rate [120–122].
Despite the drinking water contamination is an ongoing major issue, it is somehow puzzling that until
now there seem to be no federal PFAS drinking water standards in the USA. The absence of such federal
PFAS regulations has led multiple US states to develop specific water guidelines which can support
the decisions regarding the cleaning of the contaminated site as well as drinking water surveillance
and treatment [5]. Until recently, no MCLs were established for PFAS chemicals although great efforts
are being made towards initiating MCL for PFOA and PFOS by the EPA and other agencies.

This lack of evidence between the public heath adverse impacts and the PFAS level has resulted in
undefined epidemiological evidence which in turns created considerable variation among the different
water guidelines due to the uncertainties involved [5]. There is still uncertainty around the potential
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PFAS risk to the human health due to the limited data on how people are exposed to the PFAS and for
how long. The exposure level and the consequences of this exposure are also poorly understood [53].

The need for extensive research to alleviate this uncertainty and how the PFAS impact the health
risk is still among the top priorities in order to expect a safe exposure for humans. Until now, the authors
are aware that there is still urgent need to conduct more research in the areas of PFAS toxicity and
exposure as this remains one of the knowledge gaps in PFAS field. This is obvious since the first US
EPA preliminary drinking water health advisory level towards the negative impacts of PFOS and
PFOA was released before PFAS became a public issue in 2015 upon the growing public trend towards
limiting PFAS release. This was upon the realization of the PFAs toxicity. More recent guidelines
referring to the PFAS as a significant toxic substance were published by USEPA in 2019. Unfortunately,
PFAS legislations and regulations are challenged by the significant differences across PFAS compounds
associated with the limited information that can be utilized to establish uniform legislations across the
globe [110].

Another main concern is the influence of the manufacturing companies and the bias attitude that
some researcher may have depending on the interest of the funding agencies. Cordner et al. [5] indicated
that economic factors play vital role in directing the guideline levels where a case of litigation was
revealed by Minnesota Attorney General against 3 M when the company used a scientific researcher to
manipulate others research findings and undermine the health impact of PFAS in what was considered
as a violation of scientific norms [5].

6.2. EPA-US Guidelines

USEPA has released non-regulatory concentrations of PFAS that addresses the PFAS health
impact in reference to the exposure time. Since 2006, EPA has reviewed and regulated around 191
PFAS compounds through a combination of orders [110]. According to the EPA, the lifetime health
advisory (LHA) of 70 ng/L for PFOA and PFOS in drinking water is set as guideline. This LHA
is applicable to PFOA and PFOS individually while it is applicable to the sum of both compounds
in the case of accidental High concentration as in the case of Australian standards [4]. This value
seems to be less conservative compared with other global regulations. The global focus on the PFAS
was developed rapidly since 2002 where more conservative levels were in place due to the growing
concerns. More restrictions were placed on the “long chain” (C8) molecule PFOS as it was withdrawn
from markets. However, the current regulation seem to be driven by many factors including financial
factors, detection limit and many others [5,121]. In 2016, the EPA suggested its lifetime limit for PFOA
and PFOS of 70 ng/L, individually or combined. However, some US states argued that EPA’s guidelines
are insufficient and does not address the potential associated health risk and hence various PFAS
threshold values were developed different from the EPA ones. The state’s water guideline levels
for PFOA and/or PFOS ranged from 13 to 1000 ng/L compared with 70 ng/L by the EPA for both
compounds individually and combined (Table 7). For example, Minnesota established state guideline
levels that were lower than the EPA guidelines of 35 ng/L PFOA and 27 ng/L PFOS. On the other hand,
New Jersey has proposed 14 ng/L MCLs for PFOA and 13 ng/L for PFOS, the first lowest guideline
standard in the US [5].

In USA, MCLs for any PFAS have not been identified by EPA, though they recently declared their
intention to “initiate steps to evaluate the need for a maximum contaminant level (MCL) for PFOA
and PFOS”. Identifying the MCL would increase the ability of EPA’s authority to study further on
PFAS pollution [119]. In May 2016, USEPA lowered its drinking water health standard to 0.07 μg/L for
the two most frequently found PFAS, PFOA and PFOS. A lifetime drinking water health advisory (HA)
for PFOA was issued by the USEPA on the basis of a reference dose (RFD) of 0.07 micrograms per
liter (μg/L) based on a developmental toxicity analysis in mice [7]. The toxicity values of PFAS are site
specific with the highly likely temporal and spatial variation of these values. Moreover, the rapidly
developed analytical methods represents another challenge with the rapid changing regulations.
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Some toxicity values are varying from one standard to another and there are no uniform standard
PFAS toxicity values across all countries.

Table 7. US PFAO/PFOS drinking water guideline levels (After [5]).

Guideline
Advisory Level Reference Dose

PFAO (ng/L) PFOS (ng/L) PFAO (ng/kg-Day) PFOS (ng/kg-Day)

U.S. EPAa, 2016, Health Advisory
Level 70 70 20 20

Alaska DECb, 2016, Groundwater
cleanup level 400 400 20 20

Maine DEPb, 2016, Remedial action
guideline 130 560 6 80

Minnesota DOH, 2017, Noncancer
health-based level 35 27 18 5.1

New Jersey DEP, 2017, Maximum
contaminant level 14 13 2 1.8

North Carolina DENRb, 2012, Interim
maximum allowable concentration 1000 - N/A NA

Texas CEQb, 2017, Protective
concentration level 290 560 15 20

Vermonta DEC/DOH,6 2016, Primary
groundwater enforcement standard 20 20 20 20

EU guidelines just recently has initiated a preliminary guideline on maximum allowable PFAS
concentrations. In Germany, a health-based guidance of maximum PFAS level was proposed by the
drinking water commission under the Ministry of Health. The proposed value is based on the safe
lifelong exposure for all population groups of 300 ng/L for both PFOA and PFOS. In Germany, upon the
detection of PFOA in drinking water at concentrations up to 0.64 g/L, the German Drinking Water
Commission (TWK) established the first health based lifelong PFAO and PFOS exposure of 0.3 g/L
in drinking water in June 2006 [40]. Until recently, Italy, has no PFAS guidelines in drinking water
and the PFAS regulations were introduced upon the extreme detection of PFAS in water bodies in an
area of the Veneto Region [38]. The highest amount of PFAS in drinking water was enforced by the
Italian National Health Institute to protect human’s health risk with PFOS ≤ 30 ng/L, PFOA ≤ 500 ng/L,
and other PFAS ≤500 ng/L. In Spain, frequent PFAS monitoring programs were carried out and water
samples were regularly tested for various PFAS substance. PFAS level varied across Spain with the
conclusion of an unlikely health risk under the detected PFOS and PFOA levels where the maximum
average levels of PFOS and PFOA were 1.81 and 2.40 ng/L, respectively [39].

Canada has developed federal guidelines for a few PFAS levels to avoid any potential human
health affect, while values to safeguard ecological receptors are offered for PFOS (Table 8) [118].
An in-depth study was carried out on ecotoxicology and toxicology, environmental fate and behavior,
and exposure. In order to initiate toxicological reference values (TRVs), adequate information on
the PFAS impact was obtained, while ECCC assessed the suitability of obtainable non- or low-effect
ecotoxicological data for the derivation of PFOS recommendations for multiple matrices for the safety
of different trophic levels. The degree of PFAS in drinking water, soil, groundwater, and bird eggs are
now available in the Canadian PFAS regulation.
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Table 8. Health based guidance for usage in field investigation in Canada [110].

PFAS Name Acronym
Drinking Water Screening Value

(ng/L)

perfluorobutanoate PFBA 30
perfluorobutane sulfonate PFBS 15
perfluorohexanesulfonate PFHxS 0.6

perfluoropentanoate PFPeA 0.2
perfluorohexanoate PFHxA 0.2
perfluoroheptanoate PFHpA 0.2
perfluorononanoate PFNA 0.02

fluorotelomer sulfonate 6:2 FTS 0.2
fluorotelomer sulfonate 8:2 FTS 0.2

In Australia, PFASs have been widely used in several industrial applications. PFAS health-based
guidance values for PFOS, PFOA and PFHxS, were developed by The Department of Health,
Food Standards Australia (Table 9). The inconsistent release of PFAS in the environment with
the multiple PFAS sources have created additional barrier in PFAS management. The knowledge
gap regarding the PFAS spread in the Australian environment made the process of setting definite
guidelines a bit complex. Gallen et al. [24], for example, found that the level of PFAS in in the treated
WWTP effluent was higher than the wastewater influence.

Table 9. Health based guidance for utilization in site investigation in Australia [122].

Health Based Guideline Value
PFOS and PFHxS

(ng)
PFOA
(ng)

PFAO
(ng)

Tolerable daily intake 20 160 0.16
Guideline for drinking water quality 70 560 0.56

Guideline value for Recreational water quality 2000 10,000 10

The guideline values considered the health of the general community due to the PFAS exposure
due water and food consumption [122]. Through an intergovernmental agreement (IGA), Australia has
been forced to agree on a National Structure for Reacting to PFAS contamination to restrict the spread
of PFAS contamination due to increasing concerns about the risk of PFAS. Under the IGA, Australians
have followed a policy to respond to PFAS pollution, introduced national environmental management
of PFAS, and implemented guidelines to advise government agencies involved in responding to PFAS
contamination. The guidance values based on health indicate the threshold value of the amount of
PFAS in food or drinking water that an individual can consume without being affected over a lifetime.

7. Factors Contributing to Variation in PFAS Guideline Levels

Since the guidelines are always driven by the toxicology and the risk values identified by the
human body, the regulations for PFA substances were viewed to limit the potential health impact and
risk. Data obtained from toxicity tests in China showed that the criteria maximum concentration (CMC)
for protection of aquatic organisms were 3.78 and 45.54 mg·L−1 for PFOS and PFAO, respectively
which is higher than values derived in North America [20]. This variation indicates the challenges in
setting out uniform PFAS guideline values due to the prevailing uncertainty in risk assessment and the
lack of solid scientific background. Moreover, PFAS regulations are also influenced by the technical
capacity and other socio-economic factors involved. There is a developing concern towards PFASs
regulations due to the growing frequent detection of PFAS in drinking water in the US. The USEPA
has issued a long-term health advisory PFAs level in drinking water of 70 ng/L (for combination of
PFOS and/or PFOA). This regulation is intended to lower the number of individual PFASs reported.
However, these guidelines of PFAS in drinking water have been dropped to 70 ng/L by many states, as
in the case of New Jersey where a maximum PFAS level for PFOS was set at 13 ng/L and a 14 ng/L
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target for PFOA proposed [7]. Other states including California have adopted the same while the
State of New York made it even lower with a maximum allowable PFAS value of 10 ng/L for PFOS
and PFOA. Some other states went even for lower maximum allowable PFAS as in the case of New
Hampshire and Michigan with an MCL of 12 ng/L for PFOA and 16 ng/L health-based value for PFO,
respectively [7]. Much more conservative and lower levels of PFAS were proposed by Denmark, with a
temporary level of 3 ng/L for PFOS being considered. The challenge in setting out these regulatory
values remains the technical capacity in providing proper detection levels as well as the applicability
of meeting these targets with the development of industrial activities and the lack of knowledge in
identifying the toxicology of PFAs at these levels.

8. Conclusions

The intensive and the widespread nature of industries that are heavily releasing PFAS substances
has contributed to a PFAS build up in the environment which presents a serious threat to human
life. Occasional mysterious PFAS release, fate, transport, and exposure by many industries are
adding more complexity for the policymakers. While the pathway of PFAS is still not very clear,
PFAS characterization and behavior need to be better explained, particularly in terms of occurrence,
transformation, and degradation pathway.

Although PFAS has been linked to various health risks, such as cancer, liver damage, and hormone
disruption, the extent of this risk remains uncertain. This is due to the poor understanding of the risk
scale resulting from the exposure frequency as well as the severity and the exposure duration. Since the
PFAS in soil can leach down to great depths (around 15 m), PFOS levels in soil have been advised by
governments including Australia to have a maximum of 20 ng/g for land uses and industry, which vary
according to the land use. This leaching potential is getting more evident in case of point source
pollution areas including landfill and treatment plants. However, the retention of PFOS increases with
the clay content and the organic matter as well as the decrease of soil pH.

There is an ongoing effort by many governments to phase out PFAS substances and find alternatives
to PFAS substances. This effort has caused PFAS levels to decline particularly in surface water. Whilst the
alternative chemicals should be less toxic and not persist in the environment, the phasing out process
has not resulted in PFAS elimination or decrease where many new industries are prone to PFAS release.
This may require extra effort in understanding the measures to phase out.

It is concluded that the longer the exposure to PFAS compound, the higher the risk is due to the
ubiquitous uptake of PFAS. PFAS high doses uptake. There is still a lack of precise knowledge around
the PFAs toxicology and the threshold values at which PFAs can pose severe health risk. Moreover,
this link is still lacking the interpretation of the relationship between the extent of the PFAS exposure
and the associated impact, where no specific data can explain the impact of longevity, frequency,
and severity of this impact. While the guidelines agree on considering human health as a base for
any regulatory values, there seems to be a significant variation across the global guidelines in setting
unified PFAS standards since the PFAS level and rate are inconsistent within the same country and
across the globe. These discrepancies stem from the differences in PFAS sources, toxicology decisions,
and exposure rates where PFAS compound can transform from one compound to another as well as
transport with sediment and water far from the source based on the surrounding environment and
therefore creating temporal and spatial variation. The review highlighted the need for further research
towards identifying the characteristics, fate, frequency, and the severity of PFAS represented by the
exposure time and extent to better understand the nature of PFAS pathways and exposure.
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Abstract: Polycyclic aromatic hydrocarbons (PAHs) are mutagenic and carcinogenic contaminants
made up of fused benzene rings. Their presence has been reported in several wastewater streams,
including produced water (PW), which is the wastewater obtained during oil and gas extraction
from onshore or offshore installations. In this study, ferrate (VI) oxidation was used for the first time
for the treatment of 15 PAHs, with the total concentration of 1249.11 μg/L in the produced water
sample. The operating parameters viz., ferrate (VI) dosage, pH, and contact time were optimized for
maximum removal of PAHs and chemical oxygen demand (COD). Central composite design (CCD)
based on response surface methodology (RSM) was used for optimization and modeling to evaluate
the optimal values of operating parameters. PAH and COD removal percentages were selected as the
dependent variables. The study showed that 89.73% of PAHs and 73.41% of COD were removed from
PW at the optimal conditions of independent variables, i.e., ferrate (VI) concentration (19.35 mg/L),
pH (7.1), and contact time (68.34 min). The high values of the coefficient of determination (R2) for PAH
(96.50%) and COD (98.05%) removals show the accuracy and the suitability of the models. The results
showed that ferrate (VI) oxidation was an efficient treatment method for the successful removal of
PAHs and COD from PW. The study also revealed that RSM is an effective tool for the optimization of
operating variables, which could significantly help to reduce the time and cost of experimentation.

Keywords: Fe (VI) oxidation; chemical oxygen demand; polycyclic aromatic hydrocarbons; central
composite design; RSM

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are hazardous organic micropollutants that are colorless
or pale-yellow and widely present in the ecosystem. Chemically, these micropollutants consist of
two or more fused benzene rings [1]. All PAHs, both low and high molecular weight, are stable and
resistant to biodegradation [2]. These compounds are generated by both anthropogenic (industrial
discharge, waste incineration, and biomass burning) and natural sources (natural oil seeps, forest
fires, and volcanic eruptions). PAHs can cause cancer (i.e., lung, bladder, and skin cancer) in human
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beings and also severe health problems in aquatic life by inhalation and ingestion even in very low
concentrations (ng/L–μg/L) [1,3]. The United States Environmental Protection Agency (USEPA) has
categorized 16 PAHs as priority micropollutants because of their mutagenic and carcinogenic effects [4].
Produced water (PW) is also one of the largest anthropogenic sources that contains a considerable
amount of PAHs [2,5]. PW is a byproduct of oil and gas industries, which is generated during the
oil and gas extraction process. Many studies have confirmed that acute and chronic toxicity of PW
is mainly because of PAHs, phenols, and high amounts of COD [6]. Globally, the production of
PW increases day by day, and its production has been reported to have reached up to 250 million
barrels per day [7]. Moreover, almost 40% of PW is directly discharged into water bodies without
any treatment [6]. The direct discharge of untreated PW into the environment contaminates surface
and groundwater. Several treatment methods, such as volatilization, combined microfiltration and
biological processes, chlorination, biochar adsorption, ozonation, electrodialysis, reverse osmosis,
electrocoagulation, ion exchange, membrane-based technology, and conventional phase separation,
have been employed for the treatment of PW [8,9]. Although more than 90% of organic pollutants
removal from PW was attained by electrocoagulation, it is not cost-effective, produces a large amount
of sludge, and consumes more energy [10]. Membrane-based technologies are efficient for PW
treatment; however, these technologies have several problems such as membrane fouling, high energy
consumption, and the lack of potential to degrade refractory organic pollutants [11]. Combined
microfiltration and biological process reported almost 65% of COD removal from oilfield wastewater;
however, it is also a time-consuming process [12]. More than 50% removal of total dissolved solids
from PW was obtained by electrodialysis, but it utilized a large amount of energy to accomplish the
treatment [13]. Constructed wetland is an efficient method for organic matter removal from PW, but its
maintenance cost is very high [14]. Moreover, most of the techniques are very expensive. In many
cases, they just transfer organic pollutants from one phase to another and cannot remove dissolved
organic contaminants from PW. Some of the available technologies produce toxic byproducts that limit
their practical use [15]. Therefore, it is imperative to explore economic and ecotechnological solutions
for PAH reduction from PW.

Different materials/chemicals such as zeolites, metal oxides, and nanoparticles have been applied
for the remediation of contaminants from water and wastewater [16]. In recent years, ferrate (VI) (Fe (VI))
with high valent iron (VI) has gained attention due to its high oxidation/reduction potential [17–19].
The Fe (VI) oxidation method is a promising technique due to its environment-friendly nature, low
cost, and high efficiency for organic pollutant removal [20]. Surprisingly, Fe (VI) acts as a coagulant,
disinfectant, and oxidizer at the same time. Fe (VI) is considered as one of the most efficient oxidants
for the treatment of wastewater due to its strong oxidizing power [3]. The redox potential of the Fe (VI)
ion in both acidic and neutral environments is higher than many other oxidizing agents, as shown in
Table 1, making it a favorable oxidant for the treatment of wastewater [21]. In an acidic environment,
Fe (VI)’s electrode potential is 2.20 V, and, in an alkaline medium, it is 0.72 V. However, the Fe (VI)
cations’ structure can be modified by adjusting the pH value to control the oxidation activity, so as to
achieve high selectivity [22]. Fe (VI) is a robust multifunctional oxidizer with a tetrahedral structure
(FeO4

2−). Fe (VI) is converted into Fe3+ and Fe(OH)3 during disinfection and oxidation processes and
acts as coagulant and oxidizer, as shown in Equations (1) and (2). Fe (VI) produces molecular oxygen
during spontaneous oxidation, as shown in Equation (3) [23]. The reactivity of Fe (VI) with refractory
organic and inorganic pollutants shows its usefulness for the removal of pollutants from industrial
effluents [19,21].

FeO4
2− + 8H+ + 3e− → Fe3+ + 4H2O (1)

FeO4
2− + 4H2O + 3e− → Fe(OH)3 + 5OH− (2)

2FeO4
2− + 5H2O→ 2Fe3+ + 3/2O2 + 10OH− (3)
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Table 1. Redox potential of different oxidants.

Oxidant E◦ (Volt) Oxidant E◦ (Volt)

Permanganate 1.67 Dissolved oxygen 1.22
Ozone 2.07 Perchlorate 1.38
Chlorine dioxide 0.95 Hypochlorite 1.48
Chlorine 1.35 Ferrate (VI) 2.20

Response surface methodology (RSM) using Design-Expert software is a powerful statistical
and mathematical tool that is commonly used for the systematic design and analysis of experiments.
It provides optimization and validation of a system based on its statistical modeling. RSM is far better
than the conventional one-factor-at-a-time optimization technique because it helps to reduce the vast
amount of laboratory experimental work. Traditional methods are complicated, time-consuming,
and expensive for multivariable experiments [24]. Moreover, the influence of multiple variables
on responses during the optimization process can be studied in RSM [25]. It also addresses the
interaction between different independent variables and can be practiced in multivariable analyses for
the optimization of functional variables [24].

Various researchers have studied the application of Fe (VI) for remediation of different organic
pollutants in several types of wastewater, such as municipal wastewater secondary effluent [18], oil sands
process-affected water [26], fracturing wastewater [27], dyeing effluent [28], textile wastewater [29],
coking wastewater [30], and tannery wastewater [31]. In addition, a few studies have explored the
potential of Fe (VI) for the removal of just one or two PAHs from synthetic wastewater rather than
from real wastewater, especially PW [22,30,32]. Guan et al. [22] investigated the separate removal
of only three PAHs, i.e., phenanthrene, pyrene and naphthalene, from synthetic water using Fe (VI)
oxidation. Li et al. [30] studied the potential of Fe (VI) for the removal of just one PAH (phenanthrene)
in coking wastewater. Similarly, Tan et al. [32] evaluated the potential of Fe (VI) just for one PAH, i.e.,
phenanthrene removal in synthetic wastewater. Each PAH has different characteristics based on its
number of benzene rings; each PAH may react differently against Fe (VI) oxidation. More studies
are required to investigate the potential of Fe (VI) for combination of PAHs, especially priority PAHs
in aqueous media, so that consistent performance is achieved. It appears from literature that, so far,
no study has explored the application of Fe (VI) oxidation for 15 PAHs and COD removal from PW.
Secondly, integrated optimization of 15 PAHs and COD removal using RSM is also yet to be explored.
Therefore, understanding of the performance of Fe (VI) for combined PAH removal is important to fill
the gap in the previous studies. The objectives of this study are (i) to evaluate the potential of Fe (VI)
for PAHs and COD removal from PW and (ii) to optimize the independent parameters viz., Fe (VI)
concentration, pH, and contact time using RSM.

2. Experimental Work

2.1. Materials/Chemicals

All chemicals used in this work were analytical grade and were utilized without purification.
H2SO4 (95–98%) and NaOH (30% w/v) were purchased from R&M Chemicals Malaysia. Commercially
available potassium Fe (VI) was purchased from NANO IRON (Židlochovice, Czech Republic) and
utilized as received. Syringe filters (25 mm dia, cat. no. 6874–2504) by Whatman U.S.A. were used.
PW samples were collected from an oil and gas exploration site in the South East Asia region and
stored in cold storage at 4 ◦C in compliance with the standard protocol of the American Public Health
Association (APHA) [33].

2.2. Fe(VI) Oxidation and GC-MS Analysis

For the oxidation process, a 500 mL glass beaker was used as a reactor. Aluminum foil was used to
cover the reactor for shielding the water sample from light. The pH of PW was 8.2, and it was adjusted
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according to experimental requirements during the oxidation process using 1 M solutions of NaOH and
H2SO4. The temperature and magnetic stirrer speed during the oxidation process were kept constant
at 25 ◦C and 250 rpm, respectively. The reactor was positioned on a hot/magnetic plate, and a magnetic
stirrer inside the reactor was used to blend reagent homogeneously in PW. The oxidation process was
initiated by adding a measured quantity of Fe (VI) into the water sample. The oxidation process was
performed for different contact times, varying from 10–120 min. The reaction was stopped after a
pre-decided contact time by increasing the pH of the solution up to pH 12.0 with the help of a 1 M
NaOH solution. The treated water sample was filtered using WhatmanTM filter paper. The filtered PW
samples were utilized for COD and PAH analysis using HACH vial and gas chromatography–mass
spectrometry (GC–MS), respectively. All the experiments were performed in triplicate, and average
values were taken.

Polycyclic aromatic hydrocarbons in untreated and treated PW samples were quantified using
GC–MS analysis. Liquid–liquid extraction (LLE) was performed before the GC–MS analysis to
concentrate the PAHs present in PW samples. The USEPA 3510C LLE technique, with some
modifications, was employed for PAH extraction. Methylene chloride (DCM) was used as a solvent
extractor for PAH extraction in LLE. After the LLE, the samples were re-concentrated by a rotary
evaporator. In the rotary evaporator, the pressure of the condenser was set at 789 bar, and bath
temperature was held at 40 ◦C. The rotation of the receiving flask was set at 30 rpm. Then, a water
sample was taken in the receiving flask and evaporated until the volume of the sample reached 1.0 to
0.5 mL. After that, the water sample was transferred into a GC–MS vial (1.5 mL) for GC–MS analysis.
In GC–MS, a column of 30 m (Elite 5MS) with 0.25 mm inner diameter (ø) and 0.25 μm film thickness
was used, while helium (He) gas was utilized as a transporter gas. The column temperature was raised
from 60 to 175 ◦C (at 6 ◦C/min) and then raised up to 240 ◦C (at 3 ◦C/min) and then finally held at
300 ◦C for 7 min. Injector and transition line temperatures were 280 and 300 ◦C, respectively [34].
For PAH quantification, a standard solution with 16 PAHs (2000 mg/L concentration) was utilized.
Equations (4) and (5) were applied to calculate percentage removal of COD and PAHs, respectively.

X =
Di −D f

Di
× 100 (4)

where X shows the percentage of COD removal; Di and Df represent the concentration of COD before
and after treatment, respectively.

Z =
Pi − P f

Pi
× 100 (5)

where Z represents the percentage of PAHs removal; Pi and Pf show the concentration of PAHs before
and after treatment, respectively.

2.3. Development of Experimental Design Using RSM

Response surface methodology (RSM) is an efficient statistical and mathematical tool that is
usually used for developing experimental designs. It optimizes the operating parameters and predicts
the responses based on polynomial quadratic models. Furthermore, it also validates the interaction
between independent and dependent variables. The entire process consists of four stages, i.e., (i) the
experiment layout, (ii) the response selection by conducting experiments, (iii) the design of an RSM
numerical model, and (iv) developed model testing for validation and optimization [35]. In RSM,
the most effective and widely applied method for the development of experimental design is the
central composite design (CCD) method [25]. This method helps to reduce the number of experiments
and evaluate the interaction between the variables. The selection of data points in a two-level factorial
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design (i.e., CCD) includes minimum (−1), maximum (+1), and middle (0) points for all parameters [24].
A quadratic model (Equation (6)) developed by CCD is applied for response estimation [25].

Y = β0 +
∑
βixi +

∑
βiix2

i +
∑
βi jxi xj (6)

where Y indicates the responses (i.e., COD/PAHs removal); β0, βi, βii, and βij stand for the
constant-coefficients, i.e., linear coefficients, quadratic coefficient, and interaction coefficient,
respectively; xi and xj are independent parameters. The defined independent variables, with their codes
and levels (low, medium, and high), are presented in Table 2. The values for the three independent
parameters were carefully chosen by conducting preliminary tests after a comprehensive literature
review [7,36,37].

Table 2. Ranges of independent parameters and coded values for the experimental design.

Factors Independent Parameters
Low Medium High

−1 0 0

A Fe (VI) concentration (mg/L) 10 20 30
B pH 5.0 7.5 10.0
C Contact time (min) 10 50 90

The experimental design was developed using Design-Expert software (version 11). In CCD
design, k, 2k, 2k, and n stand for the number of independent factors, the number of factorial experiments,
the number of axial point experiments, and the number of center point experiments, respectively.
The total number of tests can be determined using the formula (2k + 2k + n) [38]. Thus, a total of 20
experimental runs were designed by CCD based on three independent variables (k = 3), including 8
factorial point experiments, 6 axial point experiments, and 6 central point experiments (Table 3).

Table 3. Experimental trials designed by response surface methodology (RSM) for the reduction of
chemical oxygen demand (COD) and polycyclic aromatic hydrocarbons (PAHs).

Experiment No.
Parameters

Fe (VI) Concentration (mg/L) Contact Time (min) pH

1 10 10 10.0
2 20 50 7.5
3 10 50 7.5
4 10 90 10.0
5 20 50 5.0
6 20 50 7.5
7 30 50 7.5
8 30 90 5.0
9 10 90 5.0
10 30 10 5.0
11 20 10 7.5
12 20 50 7.5
13 20 50 7.5
14 20 50 7.5
15 30 10 10.0

7.516 20 90
17 10 10 5.0
18 20 50 7.5
19 20 50 10.0
20 30 90 10.0
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3. Results and Discussion

3.1. Concentration of PAHs and COD in PW

In PW, 15 PAHs were quantified via GC–MS analysis, with a total concentration of PAHs (ΣPAHs)
of 1249.11 μg/L, as shown in Figure 1. It was noticed that the concentration of naphthalene (196.46 μg/L)
was higher than the other PAH concentrations in PW, while benzo (g, h, i) perylene concentration
(27.15 μg/L) was the lowest. Fluorene and carbazole were both 90.00 μg/L. In addition, the concentration
of COD in PW was found to be 2213 mg/L. The high concentrations of COD and PAHs in PW indicate
that PW contains a high amount of organic pollutants that needed to be removed before discharging
PW into the environment.

Figure 1. Quantified 15 PAHs in produced water (before treatment) via GC–MS analysis.

3.2. Screening Batch Experiments

The screening experiments were conducted to study the impact of the three independent
parameters: the concentration of Fe (VI) (A), pH (B), and contact time (C) on COD removal. Different
ranges of these variables were examined for the oxidation process, as shown in Figure 2.

As shown in Figure 2a, various pH values were tested in the range of 3.0 to 10.0 at constant Fe (VI)
concentration (20 mg/L) and contact time (60 min) for the removal of COD. Maximum COD reduction
(68.0%) was obtained at pH 8.0. A rising trend of COD removal was observed from 35.3% to 68.0%,
with an increase in pH value from 3.0−8.0. Moreover, a sudden decline in COD removal was noted
as the pH value was increased beyond 8.0. It may have happened due to the generation of reactive
byproducts at the higher pH, which adversely affected the COD removal and also affected the stability
and oxidation potential of ferrate ions [39]. Subsequently, the COD removal reached 50.4% at pH 10.0.
Moreover, after observing the effect of pH on COD removal, the pH range of 5.0 to 10.0 was chosen for
further comprehensive analysis of PAHs and COD removal via RSM optimization.

Figure 2b shows the effect of different Fe (VI) concentrations (1 to 35 mg/L) at constant pH (8.0) and
contact time (60 min) on COD removal. The highest COD reduction (70.2%) was attained at 25 mg/L of
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Fe (VI) concentration. An increasing trend of COD removal was observed from 29.0% to 70.2% with an
increase in the concentration of Fe (VI) from 1 to 25 mg/L. However, a sudden decline in COD removal
efficiency was noticed as the concentration of Fe (VI) was increased beyond 25 mg/L. It appeared that
as the concentration of Fe (VI) was increased, more Fe3+ ions were generated, which may have raised
Fe (VI) decomposition instead of organic pollutant decomposition and adversely affected the COD
removal [40]. Subsequently, the COD removal at 35 mg/L of Fe (VI) concentration was reduced to
49.9%. After examining the impact of Fe (VI) concentration on COD removal, the Fe (VI) concentration
range of 10 to 30 mg/L was selected for the optimization process.

As presented in Figure 2c, different contact times from 10 to 120 min were used for COD removal
at constant pH (8.0) and Fe (VI) concentration (25 mg/L). The peak removal of COD (70.9%) was
achieved at 50 min of contact time. A rising trend for COD removal was noticed from 38.0% to 70.9%
with an increase of contact time from 10 to 50 min. COD removal remained constant, and no further
change was observed after the contact time of 50 min. Thus, the contact time range of 10 to 90 min was
adopted for optimization analysis using RSM.

The ranges of independent variables obtained via preliminary experiments were used for RSM
optimization. The values of these three independent variables were used as minimum and maximum
in the Design-Expert software (CCD/RSM) for both PAHs and COD removal. PAHs are organic
compounds that are also part of COD, so the same values (ranges) of independent variables attained
from the screening test can also be used for the optimization study of PAHs and COD via CCD.

 

Figure 2. Screening test results for COD removal: (a) removal of COD (%) against pH, (b) removal of
COD (%) against Fe (VI), (c) removal of COD (%) against contact time.
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3.3. Analysis of Variance (ANOVA)

Analysis of variance (ANOVA) results obtained from CCD based on a second-order model
(Equation (6)) were used to evaluate the adequacy and significance of the models, as shown in
Tables 4 and 5. The significance of the models was determined based on p-values and F-values of
coefficient terms. From Table 4, it can be noticed that the F-value and p-value of the model for COD
removal were 55.95 and 0.001, respectively, which indicated that the model was significant and could be
utilized for COD removal optimization. Model terms, Fe (VI) concentration (A), pH (B), contact time (C),
the two-level interaction of Fe (VI) concentration and pH (A × B), pH and contact time (B × C), and the
quadratic effect of Fe (VI) concentration (A2), pH (B2), and contact time (C2) were significant. The lack
of fit of the model was nonsignificant with a 0.211 p-value. In addition, the adequacy of a model can be
verified by R-squared values (R2). The high value of R2 (98.05%) implied that the model could not
describe only 1.95% of the overall sample variation. The value of adjusted R2 (96.30%) was also high,
which illustrated that the model represented the system well. The high value of predicted R2 (89.23%)
indicated that the current model was able to predict appropriate responses for new observations.

Table 4. Results from the ANOVA table for COD removal.

Source * SS * DF * MS F-Value p-Value Model’s Status

Model 4446.85 9 494.09 55.95 0.0001 Significant
A 60.02 1 60.02 6.80 0.0262
B 67.60 1 67.60 7.65 0.0199
C 276.60 1 276.68 31.33 0.0002

AB 45.13 1 45.13 5.11 0.0473
AC 32.00 1 32.00 3.62 0.0861
BC 72.00 1 72.00 8.15 0.0171
A2 646.00 1 646.04 73.16 0.0001
B2 349.70 1 349.74 39.60 0.0001
C2 85.54 1 85.54 9.69 0.0110

Residual 88.31 10 8.83
Lack of Fit 60.20 5 12.04 2.14 0.2116 Non-significant

Model summary: R2 R2
adj. R2

pred.
98.05% 96.30% 89.23%

Note: * SS = sum of square, * DF = degree of freedom, * MS =mean square.

Table 5. Results from the ANOVA table for PAH removal.

Source * SS * DF * MS F-Value p-Value Model’s Status

Model 5104.18 9 567.13 30.93 0.0001 Significant
A 110.89 1 110.89 6.05 0.0337
B 158.40 1 158.40 8.64 0.0148
C 305.81 1 305.81 16.68 0.0022

AB 113.25 1 113.25 6.18 0.0323
AC 150.51 1 150.51 8.21 0.0168
BC 0.01 1 0.01 0.00 0.9807
A2 295.88 1 295.88 16.13 0.0025
B2 723.74 1 723.74 39.47 0.0001
C2 141.48 1 141.48 7.71 0.0195

Residual 183.39 10 18.34
Lack of Fit 73.30 5 14.66 0.6669 0.6669 Non-significant

Model summary: R2 R2
adj. R2

pred.
96.50% 93.40% 79.72%

Note: * SS = sum of square, * DF = degree of freedom, * MS =mean square.

The F-value and p-value of the PAH model were 30.93 and less than 0.001, respectively, as shown
in Table 5. These values showed that the model was significant and can be utilized for PAH removal
optimization. Model terms, Fe (VI) concentration (A), pH (B), contact time (C), the two-level interaction
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of Fe (VI) concentration and pH (A × B), Fe(VI) concentration and contact time (A × C), and the
quadratic effect of Fe (VI) concentration (A2), pH (B2), and contact time (C2) were significant. The lack
of fit of the model was nonsignificant, with a 0.666 p-value. Moreover, the adequacy of the model
can be evaluated by R squared (R2) values. The high value of R2 (96.53%) suggested that the model
could not describe only 3.47% of the overall sample variation. The value of adjusted R2 (93.41%) was
also high, which demonstrated the suitability of the model to describe the system. The high value of
predicted R2 (79.72%) indicated that the model can predict appropriate responses for new observations.
The quadratic models for COD and PAH removal are shown in Equations (7) and (8).

Y1 = 68.26 + 2.45A−2.60B + 5.26C + 2.37AB−2.00AC−3.00BC−15.33A2−11.28B2−5.58C2 (7)

Y2 = 89.54−3.33A−3.98B + 5.53C−3.76AB−4.34AC + 0.03BC−10.37A2−16.22B2−7.17C2 (8)

where Y1 and Y2 are the removal of COD and PAHs, respectively; A, B, and C show the concentration
of Fe (VI), pH, and contact time, respectively. The predicted (attained from Equations (7) and (8)) and
experimental responses are presented in Table 6. It revealed that the proposed polynomial quadratic
models were appropriate for the prediction of responses and showed a remarkably good agreement
between the results.

Table 6. Experimental and predicted results of PAHs and COD in percentage (%).

Experimental Run
Actual PAHs

Removal
Predicted PAHs

Removal
Actual COD

Removal
Predicted COD

Removal

1 45.50 48.98 27.00 24.39
2 82.30 89.54 71.30 68.26
3 85.30 82.50 47.00 50.48
4 70.00 68.79 33.00 32.91
5 75.20 77.30 60.30 59.58
6 94.30 89.54 67.30 68.26
7 72.30 75.84 56.50 55.38
8 65.00 61.34 43.00 45.01
9 67.80 69.15 49.00 48.86
10 58.00 59.03 33.00 32.49
11 79.00 76.84 53.20 57.42
12 90.10 89.54 65.30 68.26
13 91.70 89.54 68.90 68.26
14 86.30 89.54 70.50 68.26
15 45.00 43.47 38.50 38.04
16 85.00 87.90 69.80 67.94
17 50.30 49.49 29.00 28.34
18 94.00 89.54 71.00 68.26
19 70.70 69.34 51.30 54.38
20 45.30 45.93 38.50 38.56

The COD and PAH removal predicted by the polynomial quadratic models agreed well with the
experimental values. Furthermore, the distribution of all data points was close to the 45◦ straight
line, as shown in Figure 3. These graphs showed a satisfactory agreement between experimental and
predicted values. The model adequacy was also determined by the normal plot of residuals from
the least square fit. The assumption of normality was checked by creating a plot between normal
percentage of probability and studentized residuals, which was found to be satisfactory for COD and
PAH removal efficiencies, as shown in Figure 4. All the data points in the graphs of residuals were
approximately along the straight line, which is an indication of normal distribution.

3.4. Response Surface and Contour Plots

Three-dimensional (3D) surface and contour plots of the quadratic models obtained from
Equations (7) and (8) were used for the graphical representation of independent variables’ impact
on COD and PAH removal. These plots also showed the interaction among independent variables,
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as illustrated in Figures 5–7. In these graphs, two independent variables were continually varied for the
responses, and the remaining variable was fixed. Correlations between the independent parameters
were significant, so the peaks of the response surface plots were prominent, as shown in Figures 5–7.
All response plots had noticeable peaks, which implied that all the variables in the design space were
given optimum conditions for the highest response.

Figure 3. Comparison between predicted and experimental removal efficiencies. (a) Predicted COD
removal vs. experimental COD removal (%) (b) Predicted PAH removal vs. experimental PAH
removal (%).

Figure 4. Residual normal plots for (a) COD removal efficiency and (b) PAH removal efficiency.

3.4.1. pH Effect on COD and PAH Removal

The interaction between pH and Fe (VI) concentration at 50 min of contact time (fixed) is presented
in Figure 5; the peaks in both plots were prominent. The COD and PAH removal efficiencies increased
by increasing the pH of the aqueous solution and concentration of Fe (VI) until specific values of both
factors in Fe (VI) oxidation. A strong interaction was observed between both variables (Fe (VI) and pH),
where the p-values of both parameters’ interaction were found to be significant for COD (p-value 0.0473)
and PAH (p-value 0.0323) removal. Moreover, more information on the interaction between pH and Fe
(VI) concentration can be attained from the plots, as shown in Figure 5. The COD and PAH removal in
Fe (VI) oxidation were highly dependent on pH. It was observed at pH 5.0, the COD and PAH removal
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efficiencies were 45.0% and 67.0% (respectively) and it increased further when pH was increased from
pH 5.0 to pH 7.5. The maximum removal of COD (71.3%) and PAHs (94.3%) were obtained at pH 7.5,
which showed that near-neutral pH was more suitable for Fe (VI) and micropollutants reaction in PW.
Additionally, based on the working mechanism, Fe (VI) is converted to Fe3+/Fe(OH)3 in an aqueous
solution, and these products slightly increase the pH of the solution, which affects the decomposition
process [41]. The removal efficiencies were decreased when the pH of the water sample was increased
from pH 7.5 to pH 10.0, as shown in Figure 5. It was expected that Fe (VI) stability would increase
with the pH increment, whereas the redox potential would decrease. In addition, Fe (VI) has high
oxidation potential and is highly unstable (rapidly reduced) in an acidic environment due to the high
concentration of H+ existence in aqueous solution [42]. Hence, Fe (VI) quickly reduced in an acidic
environment and could not completely react with organic pollutants, which resulted in incomplete
oxidation of these hazardous pollutants, while in a neutral environment, the Fe (VI) stability and
redox potential were comparatively higher, and oxidation process was relatively more favorable for
the degradation of micropollutants. As a result, higher COD and PAH removal efficiencies were
attained under a neutral environment. In comparison with the previous studies, Karaatli et al. [43]
and Song et al. [44] obtained maximum removal of pollutants from lake water at 6.5 pH. Similarly,
Ciabatti et al. [28] achieved maximum remediation (70.0%) of organic pollutants from dyeing effluents
at 8.5 pH. Jiang et al. [17] reported almost pH 10.0 as the optimum value for the highest degradation of
contaminates from domestic sewage effluent by Fe (VI) oxidation. The optimum value of pH of the
current study was different from the previous studies because, in previous studies, they employed Fe
(VI) for the treatment of different types of source water/wastewater that contained different kind of
pollutants, which influenced the Fe (VI) oxidation accordingly. In the present study, the maximum
removal of pollutants was attained at pH 7.5, which indicates that PW influenced the Fe (VI) oxidation.
Optimum values of operating parameters may vary depending on the characteristic of the wastewater.

Figure 5. Effect of pH on COD and PAH removal. (a) 3D plot and (b) couture plot for COD removal;
(c) 3D plot and (d) couture plot for PAH removal.
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3.4.2. Fe (VI) Concentration Effect on COD and PAH Removal

The correlation between contact time and Fe (VI) concentration at pH 7.5 (fixed) is presented in
Figure 6. The plots showed that the interaction between both parameters (contact time and Fe (VI)
concentration) was nonsignificant (p-value 0.0861) for COD reduction while it was significant (p-value
0.0168) for PAH removal. The response surface graphs indicated that COD reduction was significantly
affected by the individual impact, and there was some interaction between both parameters. When pH
was fixed at 7.5, the reaction time showed a trend where it was proportional to the COD removal,
while a reverse effect was observed when increasing the Fe (VI) dosage beyond optimum value. It may
be because of more Fe3+ ions, which adversely affected the COD reduction and caused insignificant
interaction between both parameters.

Figure 6. Effect of Fe (VI) concentration on COD and PAH removal. (a) 3D plot and (b) couture plot for
COD removal; (c) 3D plot and (d) couture plot for PAH removal.

In addition, the concentration of Fe (VI) played a significant role in COD and PAH removal,
as shown in Figure 6. At 10 mg/L of Fe (VI) concentration, the removal percentage of COD and
PAHs were 38.0% and 65.0%, respectively. The rise in COD and PAH removal was observed when
the concentration of Fe (VI) was increased from 10 to 20 mg/L. The maximum removal of COD and
PAHs at 58.0% and 78.0%, respectively (at 10 min of contact time), was observed at 20 mg/L of Fe
(VI) concentration. As the Fe (VI) concentration was enhanced, the degradation was predominant in
approximately neutral environment, which increased the ability of HFeO4

− (Fe (VI) in the protonated
form) to react with organic pollutants [30,45]. Thus, HFeO4

− resulted in surging the COD and PAH
removal efficiencies. Moreover, a reverse phenomenon was observed as the concentration of Fe (VI) was
increased above 20 mg/L; the COD and PAH removal efficiencies declined. The COD and PAH removal
percentage at 30 mg/L of Fe (VI) concentration decreased to 47.0% and 67.7% (at 10 min of contact time),
respectively. Micropollutant removal did not improve by increasing the Fe (VI) concentration beyond
20 mg/L. It appeared that as the concentration of Fe (VI) was increased, more Fe3+ ions were generated,
which may have increased Fe (VI) decomposition instead of organic pollutant decomposition [40].
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Beyond the optimum value of Fe (VI), the oxidized products generated during the reaction of Fe (VI)
and organic pollutants consumed an extra amount of Fe (VI) and decreased the removal efficiencies of
COD and PAHs, as shown in Figure 6. Wang et al. [46] reported 20 mg/L Fe (VI) concentration as the
optimal value for maximum removal of organic pollutants from papermaking wastewater in line with
the current study. Some studies, however, reported different optimal values of Fe (VI) depending on
the characteristics of the wastewater [28,32], as PW characteristics affected the Fe (VI) oxidation as well.

3.4.3. Contact Time Effect on COD and PAH Removal

In Figure 7, the effect of pH and contact time on COD and PAH removal have been shown at
fixed Fe (VI) concentration (20 mg/L). The interaction between both parameters significantly affected
the COD removal in PW. While the interaction between both parameters was insignificant for PAH
removal, the response surface graphs indicated that PAH reduction was significantly affected by the
individual impact, and there was some interaction between both parameters. It may have been due to
the sensitive nature of Fe3+ to pH value in aqueous media. The plots portrayed that increasing the
amount of both parameters up to a specific value increased the removal efficiencies of PAHs and COD.
The contact time impact on organic compound degradation was studied by varying the time range
from 10 to 90 min. As shown in Figure 7, it was noticed that by increasing the contact time, COD and
PAH removal efficiencies also increased up to a specific value of contact time. Initially, after 10 min of
contact time, the reduction percentage of COD and PAHs was 53.5% and 73.7%, respectively, at pH 6.0.
The highest reduction of COD and PAHs of 66.4% and 87.8% was obtained at 50 min of contact time.
After 50 min, the degradation of organic pollutants was constant. It could be expected that the Fe (VI)
amount was completely consumed within 50 min of contact time, so it was not available after that time
for further reaction. In this study, the COD and PAH removal were stable after 50 min of reaction time,
which indicated that Fe (VI) was completely degraded within 50 min.

Figure 7. Effect of contact time on COD and PAH removal. (a) 3D plot and (b) couture plot for COD
removal; (c) 3D plot and (d) couture plot for PAH removal.
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3.5. Optimization and Validation

Central composite design (CCD)-based numerical optimization was utilized to evaluate the
optimal conditions for maximum removal of COD and PAHs in PW. The optimal parameters were
obtained for COD and PAH removal depending on the desirability functions. In numerical optimization,
for all independent parameters, Fe (VI) concentration, pH, and the contact time “in range” option were
chosen. In contrast, “maximum range” was selected for COD and PAH removal. Optimized conditions
were acquired under maximum desirability for the defined conditions. The COD and PAH removal
efficiencies were predicted under these specified conditions by CCD-based numerical optimization.
An additional test under optimal conditions was carried out to check the predicted models’ precision
and efficiency. The experimental removal efficiencies were in good agreement with predicted removal
efficiencies, as shown in Table 7. The small difference between observed and predicted results indicated
a strong agreement between responses obtained from experiments and the ones proposed by the
quadratic models. In addition, the PAH removal by Fe (VI) oxidation was higher than COD removal.
As COD of PW comprises of several organic and inorganic pollutants [45] it could be expected that some
pollutants (which were part of COD) were resistant to Fe (VI) oxidation. On the other hand, all PAHs
in PW were entirely removed by the Fe (VI) oxidation process except naphthalene and phenanthrene.
Fe (VI) oxidation only partially removed naphthalene and phenanthrene. Both PAHs were quantified
in very low concentrations in PW after treatment of PW at optimal conditions, as shown in Figure 8.
From the results, it can be observed that significant removal of COD and PAHs from PW was attained.
However, Fe (VI) oxidation could not attain 100% removal of pollutants from PW. A few pollutants
such as naphthalene, phenanthrene, 2,5,5-trimethyl-1-hexen-3-yne, and 2-propenamide were identified
after the treatment of PW at optimal conditions. Additionally, based on the identified pollutants after
PW treatment, the Fe (VI) oxidation mechanism for PAH removal could be proposed. It is expected
that the reduction of PAHs in the treated PW occurred by the transformation of aromatic rings. It might
occur through 1,3-dipolar cycloaddition and result in two aldehyde groups, which can be further
oxidized by Fe (VI) to acid groups [26]. A future study may be conducted on the Fe (VI) oxidation
mechanism for PAH removal from PW.

Table 7. Optimum values of independent variables found by Design-Expert software and verification.

Dependent
Variables

Fe (VI) Conc.
(mg/L)

pH
Contact Time

(min)
Predicted

Removal (%)
Observed

Removal (%)

COD 19.35 7.1 68.34 69.69 73.41
PAHs 19.35 7.1 68.34 91.00 89.73

Figure 8. Name/concentration of PAHs quantified in PW after treatment of PW at optimal conditions.
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In comparison with previously conducted scientific studies, Guang et al. [22] reported the
maximum removal of PAHs (82.6%) was achieved at 10 mg/L of Fe (VI) concentration and pH 7.1
from synthetic wastewater using Fe (VI) oxidation. Duan et al. [30] reported 84.0% removal of organic
contaminants from coking wastewater by Fe (VI) oxidation. Amirreza et al. [46] reported a maximum
of 48.0% of micropollutant removal from municipal wastewater was achieved via Fe (VI) oxidation.
The results obtained by Ciabatti et al. [28] showed a maximum of 80.0% removal of organic compounds
at 70 mg/L of Fe (VI) concentration. The removal efficiencies in this present study were higher than all
studies discussed above, which indicates the strong applicability of Fe (VI) to oxidize micropollutants
in PW.

4. Conclusions

In this study, the remediation of COD and PAHs in PW by Fe (VI) oxidation was investigated
systematically. The effectiveness of Fe (VI) oxidation depends on the operating parameters viz. Fe (VI)
concentration, pH, and contact time. Initially, the ranges of operating parameters were evaluated
by a screening test. Based on three operating parameters, the experimental design, consisting of
20 runs, was developed by CCD/RSM. Optimum values of independent variables for the current
oxidation study were observed, such as 19.35 mg/L, 7.1, and 68.34 min for Fe (VI) concentration, pH,
and contact time, respectively. The maximum COD (73.41%) and PAH (89.73%) removal were achieved
under tested operating conditions. A satisfactory agreement was confirmed between experimental
data and predicted data (obtained from the quadratic regression models). The high values of the
coefficient of determination (R2 > 0.90) by the analysis of variance verified the adequacy of the selected
model. The findings of this study indicate an excellent efficiency of Fe (VI) for the remediation of
micropollutants in PW. The study recommends that it would be advantageous to conduct a continuous
flow study for the assessment of field applications of Fe (VI) for the treatment of produced water.
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Abstract: Anthropogenic substances are a major concern due to their potential harmful effects
towards aquatic ecosystems. Because wastewater treatment plants (WWTPs) are not designed to
remove these substances from wastewater, a part of the anthropogenic substances enter nature
via WWTP discharges. During the spring 2019, the occurrence of anthropogenic substances in
the municipal wastewater effluent in Kuopio, Finland, was analysed. Furthermore, the capacity
of selected disinfection methods to reduce these substances from wastewater was tested. The
disinfection methods were ozonation (760 mL min−1) with an OxTube hermetic dissolution method
(1), the combined usage of peracetic acid (PAA) (<5 mg L−1) and ultraviolet (UV) disinfection
(12 mJ/cm2) (2), and the combined usage of hydrogen peroxide (H2O2) (<10 mg L−1) and UV
disinfection (12 mJ/cm2) (3). The substances found at the concentrations over 1 μg L−1 in effluent
(N = 3) were cetirizine (5.2 ± 1.3 μg L−1), benzotriazole (BZT) (2.1 ± 0.98 μg L−1), hydrochlorothiazide
(1.7 ± 0.2 μg L−1), furosemide (1.6 ± 0.2 μg L−1), lamotrigine (1.5 ± 0.06 μg L−1), diclofenac (DCF)
(1.4 ± 0.2 μg L−1), venlafaxine (1.0 ± 0.13 μg L−1) and losartan (0.9 ± 0.2 μg L−1). The reduction
(%) with different methods (1, 2, 3) were: cetirizine (99.9, 5.0, NR = no removal), benzotriazole (67.9,
NR, NR), hydrochlorothiazide (91.1, 5.9, NR), furosemide (99.7, 5.9, NR), lamotrigine (46.4, NR, 6.7),
diclofenac (99.7, 7.1, 16.7), venlafaxine (91.3, NR, 1.1), losartan (99.6, 13.8, NR). Further research
concerning the tested disinfection methods is needed in order to fully elucidate their potential for
removing anthropogenic substances from purified wastewater.

Keywords: anthropogenic substances; disinfection; wastewater

1. Introduction

Emerging anthropogenic pollutants are a permanent global challenge to freshwater
quality and safety [1–3]. A major group of emerging pollutants in the aquatic environmental
consists of pharmaceuticals [4]. After being used for human or animal medication [5],
pharmaceuticals are mainly excreted in urine and faeces as such or as metabolites [6].
Subsequently, they are distributed in the environment via wastewater treatment plants
(WWTPs) [7] where they pass through various treatment processes and, therefore, are easily
transferred to the receiving waters. In Finland, the legislation does not require the removal
of anthropogenic substances from wastewater before discharge into the environment and
most of the treated wastewaters are discharged to the receiving waters without disinfection.
The Water Framework Directive (WFD) [8] aimed to improve the status of all European
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Union (EU) inland waters, coastal waters, and groundwater by 2015. The deadline has
been extended until 2027 at the latest under the WFD derogation rules.

In the future, the use of pharmaceuticals is likely to increase due to the ageing pop-
ulation. Unless efforts are made to reduce emissions, more pharmaceutical residues will
end up in the environment. To compare the effectiveness of different wastewater treatment
methods, more research data on the existence and harmfulness of these substances in the
environment is needed. EU Member States are required to monitor the concentrations of
45 substances or groups of substances in the aquatic environment [9]. These substances are
listed in the directive 2013/39/EU (amending Directives 2000/60/EC and 2008/105/EC as
regards priority substances in the field of water policy). Moreover, some of the substances
are listed as priority hazardous substances. Furthermore environmental quality standards
(EQS) are included in the directive for these 45 substances or groups of substances that EU
Member States are required to monitor. The concentrations of the substances in water or
biota must not exceed the EQS set for them. With the aim of achieving good surface water
chemical status, the revised EQS for existing priority substances should be met by the end
of 2021 and the EQS for newly identified priority substances by the end of 2027.

At the WWTPs pharmaceuticals may transform, retain in sewage sludge, or end up
in receiving water. In a recent risk assessment study concerning Finnish surface waters,
the calculated environmental risk was assessed by a so called risk component; or risk
quotient (RQ). A risk quotient > 1 was found for 29 of the evaluated substances, suggesting
that these substances potentially pose a risk in Finnish surface waters. Four substances:
diclofenac (DCF) (0.022 μg L−1), azithromycin (0.0015 μg L−1), ciprofloxacin (0.034 μg L−1),
and 17α- ethinylestradiol (0.00018 μg L−1) concentrations measured in Finnish surface
waters exceeded concentrations assessed as harmful [10].

As the pharmaceuticals and other anthropogenic substances are not properly removed
in current WWTP processes, alternative, tentatively more efficient removal options such
as novel disinfection methods to remove these substances from wastewater have been
studied. For example in Mexico, Mejía-Morales et al. studied a post treatment with ad-
vanced oxidation process (AOP) based on an ultraviolet (UV)/H2O2/O3 system in hospital
wastewaters [11]. In addition, various other methods have been tested to remove inorganic
and organic impurities from water such as porous ceramic disk filter (PVDF) ultrafiltration
membrane [12] and porous ceramic disk filter coated with Fe/TiO2 nano-composites [13].
Here we studied the efficiency of three disinfection methods, i.e., ozonation (760 mL min−1)
with OxTube mixing; a combination of peracetic acid (PAA) (<5 mg L−1) and UV dis-
infection (12 mJ/cm2), and a combination of hydrogen peroxide (<10 mg L−1) and UV
disinfection (12 mJ/cm2) in order to reduce the amount of anthropogenic substances in
treated wastewater. This study was one part of a project in which we studied the removal of
certain microbes and chemicals in different water matrices with different disinfection meth-
ods.

2. Materials and Methods

Treated wastewater samples (N = 3) were collected from the municipal WWTP of
the city of Kuopio (Lehtoniemi WWTP) in the spring of 2019. The wastewater that was
used in the tests was from the channel where purified wastewater is discharged into the
surface water. The population of the service area of the Lehtoniemi WWTP is 90,697; and
the total population of the city of Kuopio is 118,000. The disinfection methods tested
herein were an ozone purification process with the OxTube hermetic dissolution method, a
combination of the usage of PAA (<5 mg L−1) and UV disinfection (12 mJ/cm2) processes,
and a combination of hydrogen peroxide (<10 mg L−1) and UV disinfection (12 mJ/cm2)
processes. A wide set of chemical substances were analysed (N = 121). Wastewater samples
were taken before and after each disinfection treatment. All wastewater samples were
frozen and stored at −20 ◦C and subsequently sent to a commercial laboratory (Eurofins
Environment Testing Finland Oy, Lahti) for analysis. Analysed substances are listed in the
Table S1. The substances were analysed with the U.S. Environmental Protection Agency
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(EPA) method 1694. Method 1694 is used for determination of pharmaceuticals and per-
sonal care products (PPCPs) in multi-media environmental samples by high-performance
liquid chromatography combined with tandem mass spectrometry (HPLC/MS/MS) using
isotope dilution and internal standard quantitation techniques [14].

Experimental Design

All disinfection experiments were carried out in the Savonia Water laboratory (Savonia
University of Applied Sciences, Kuopio, Finland). The experimental design is shown in
the Supplementary Material (Figure S1). First, a 1000-litre food-grade plastic container
was filled with 500 L of wastewater. The treated wastewater was mixed with an electric
motor-operated water mixer to ensure the homogeneity of the sample water. After the
wastewater was disinfected, it was collected into a plastic container with a capacity of
45 L (Curtec Ltd., Denmark). The pipe material used was a plastic water pipe with an
inner diameter of 15 mm (Uponor Aqua Pipe, PEX 15/18 mm polyethylene, PE) and the
connectors were acid-resistant stainless steel water pipe fittings (various manufacturers).

For the pumping of the tested wastewater, a 24 V resistance-adjustable gear pump
designed for drinking water systems in boats with a maximum flow of 26 L min−1 (Marco
UP/Em, Castenedolo, Italy,) was used. Acid-resistant steel valves (EGO, stainless) were
used in the test system due to the oxidizing peroxide chemicals used in the experiments.

For the supply of peroxide chemicals (PAA and H2O2) (Lamor water technology,
Finland), a chemical pump (Grundfos DDA 12-10 AR-PP/E/C-F-31U2U2FG, Bjerringbro,
Denmark) with proven chemical supply and adjustability for a wide feed rate between
12 mL h−1 and 12 L h−1 was obtained. A rotameter (Kobold, Germany) with a flow scale
of 100 to 1000 L h−1 was obtained to measure the water flow. A tube UV lamp (Wedeco
Aquada 1, Xylem, Herford) was used in the disinfection experiments. A Faraday Ozone
L 40 G (Farady Ozone, Coimbatore, India) device, which is capable of producing ozone
with a capacity of 40.000 mg h−1, was used as the ozone generator. The flow of ozone gas
was controlled with the mass flow controller (Brooks GF040). An OxTube water treatment
tube (OxTubeDN20, Sansox Oy, Lahti, Finland) was used for mixing and dissolving ozone
hermetically in the test water. The OxTube hermetic dissolution method (Figure 1) treats
the water in flowing condition in its hermetic tube. The air gases are sucked by the vacuum
effect in the nozzle zone and led directly into the middle of the main flow. Other gases
like pure oxygen, ozone, CO2 as well as chemicals can be fed and dispensed through the
same channel. The water and gases are mixed evenly and the meeting probability of the
molecules is high. Chemical reactions follow immediately in the hermetic condition. There
are four main functions following each other seamlessly in one tube or in separate modules
by function. The water is clarified and dissolved with desirable ingredients, e.g., air gases
in the tube within a second or less.

Figure 1. OxTube hermetic dissolution method (Sansox Oy, Lahti, Finland).

Chemical concentrations were measured using a Chemetrics Inc. V-2000 spectrom-
eter (Chemetrics Inc., Midland, VA, USA) and suitable measuring ampoules including a
Chemetrics K7913 for peracetic acid, K-5543 for hydrogen peroxide and K-7423 for ozone.

3. Results and Discussion

The anthropogenic substances with detected concentrations over 1 μg L−1 in the
wastewater are shown in Table 1, as well as the removal efficiencies for the chemicals
with the tested disinfection methods. The measurement uncertainty is between 45–51% in
the analyses presented here. Each of the substances is discussed later in this manuscript.
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Anthropogenic substances detected concentrations below concentrations of 1 μg L−1 in the
wastewater are presented in the Supplemental Materials (Table S1).

Table 1. Anthropogenic substances with detected concentrations over 1 μg L−1 in wastewater effluent and their removal
efficiencies with the depicted methods.

Anthropogenic
Substance

(Intended Use)

Ozone and Ox Tube Device
(N = 1)

Peracetic Acid (PAA) and
Ultraviolet (UV)

Disinfection
(N = 1)

H2O2 and UV Disinfection
(N = 1)

EQS

Initial Con-
centration
(μg L−1)

Reduction
(%)

Initial Con-
centration
(μg L−1)

Reduction
(%)

Initial Con-
centration
(μg L−1)

Reduction
(%)

Cetirizine
(antihistamine) 5.8 99.9 6.0 5.0 3.7 − NR

Benzotriazole
(chemical,

anticorrosive)
2.8 67.9 2.5 − 0.98 − NR

Hydrochlorothiazide
(diuretic) 1.8 91.1 1.7 5.9 1.5 − NR

Furosemide (diuretic) 1.8 99.7 1.7 5.9 1.4 − NR

Lamotrigine
(antiepileptic/

antidepressant)
1.4 46.4 1.5 − 1.5 6.7 NR

Diclofenac (DCF)
(anti-inflammatory

medicine)
1.5 99.7 1.4 7.1 1.2 16.7 NR

Venlafaxine
(antidepressant) 1.1 91.3 1.1 − 0.87 1.1 NR

Losartan (used to treat
high blood pressure) 1.2 99.6 0.8 13.8 0.84 − NR

− = no removal detected; NR = not regulated in Directive 2013/39/EU.

3.1. Cetirizine

Cetirizine is an ingredient that is used in the treatment of symptoms of seasonal allergic
rhinitis [15], perennial allergic rhinitis, and chronic idiopathic urticarial in adults [16].
Unfortunately, cetirizine has been shown to induce adverse biochemical effects in the
mussel Mytilus galloprovincialis and is thus problematic from the ecotoxicological point of
view [17]. In our study, the concentration of cetirizine detected in the Kuopio wastewater
effluent (5.2 ± 1.3 μg L−1) clearly exceeds the concentrations reported earlier in Finland.
The appearance and level of cetirizine in municipal wastewaters has previously been
studied in the city of Turku in 2007 [7]. In that study cetirizine was found to be the
dominating antihistamine in nearly all samples. The sampling included 12 influent and
12 effluent samples, and it was conducted between March and September. The highest
detected concentration of cetirizine in that study was 0.22 μg L−1 (influent) and elimination
rate of cetirizine in the sewage treatment process was 16% [7]. Concentrations ranging from
0.1 μg L−1 to 0.7 μg L−1 have been detected in the influent of WWTPs in Berlin. Cetirizine
levels were significantly increased between the hay season [18]. The concentration of
this chemical is only slightly degraded during the wastewater treatment process [7]. For
instance cetirizine removal from wastewater has been tested with granular activated carbon
(GAC). Only 30.4% of cetirizine was removed even when the contact time was 15 min
with a GAC column [19]. The purification process with ozone and the OxTube hermetic
dissolution method removed 99.9% of the cetirizine. The method consisting of PAA with
UV disinfection was clearly less efficient, as it removed only 5%. The third method (with a
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combination of H202 and UV) did not remove any of the cetirizine. The result obtained
indicates that wastewater effluent disinfection with ozone is a very efficient method to
remove cetirizine.

3.2. Benzotriazoles (BZTs)

Benzotriazoles (BZTs) are heterocyclic aromatic compounds that are widely used in in-
dustrial applications due to their excellent properties as corrosion inhibitors [20], antifreeze
agents, and UV radiation stabilizers [21]. Another cause for the occurrence of BZTs in
municipal wastewaters is their use in dishwasher products; tablets and powders [22]. BZTs
are highly water soluble and highly polar compounds. In addition, they are moderately
resistant against biological and photochemical degradation processes in the aquatic envi-
ronment [23]. Moreover, BZTs have been identified in river water, groundwater, drinking
water, wastewater as well as in soil, and in human samples. This is due to the low volatility
of these compounds, their strong resistance to oxidation, and limited degradation under
environmental conditions [24]. In our tests, the ozone purification process with the OxTube
hermetic dissolution method removed 67.9% of the found BZT. PAA or H202 together with
UV disinfection did not achieve removal efficiency. Loos et al. (2013) found that median
concentrations of BZTs in an EU-wide wastewater treatment plant study were 2.7 μg L−1

for 1H-benzotriazole, and 2.1 μg/L for methylbenzotriazole (mixture of 4- and 5-isomers,
also called tolyltriazoles), with maximum values up to 221 μg L−1 and 24.3 μg L−1, respec-
tively. In our study concentrations of 2.1 ± 0.98 μg L−1 of BZT in wastewater were detected
(BZTs were not specified), which were median concentrations compared to concentrations
measured in the EU [25]. Our study addresses the fact that when using ozone disinfecting
for wastewater effluent, significant removal of BZT can be achieved.

3.3. Hydrocholorothiazide

Hydrochlorothiazide is a diuretic and an antihypertensive drug that is widely used by
itself or in combination with other drugs for the treatment of edema and hypertension, as
well as for other disorders such as diabetes insipidus, hypoparathyroidism, or hypercalci-
uria [26,27]. In Finland, hydrochlorothiazide concentrations of 1.8–6.7 μg L−1 have been
reported in effluent wastewaters [28], which were on average higher than concentrations
found in this study (1.7 ± 0.2 μg L−1). This compound has been frequently detected in
the influents and effluents of WWTPs in Europe. In the Netherlands [29] concentrations of
1.27 ± 0.26 μg L−1 (effluent) of hydrochlorothiazide were detected in municipal wastewater
samples. In Spain, detected concentrations ranged between 2.5 μg L−1 and 14 μg L−1 in
raw wastewater [30].

The removal of hydrochlorothiazide from wastewater has been studied using biologi-
cal membranes in the laboratory and reduction percentages between 56% and 85% have
been achieved. Slightly better removal has been achieved by conventional wastewater
treatment [31]. In the present study, a removal rate of 91.1% was achieved with ozone
purification using an OxTube hermetic dissolution method. With PAA and UV disinfection
treatment, the removal was only 5.9%. The combination of H202 and UV did not remove
hydrochlorothiazide at all. Therefore, ozone disinfection was a superior method in terms
of hydrochlorothiazide removal.

3.4. Furosemide

Furosemide, a diuretic that has been widely used since the 1960s, is poorly metabolized
by humans [32]. In 2016, it was the most used diuretic in Finland [33]. The average
concentration of furosemide detected in the Kuopio wastewater effluent (1.6 ± 0.2 μg L−1) is
slightly higher than concentrations detected before in Finland. A furosemide concentration
of 1.4 μg L−1 in wastewater effluent has previously been reported in another Finnish WWTP,
at the Turku Kakolanmäki WWTP (Turku, Finland) [28]. It has previously been detected at
concentrations of 0.615 and 0.2 μg L−1 in the Viskan river at Jössabron Borås, in Sweden [34].
In Norwegian surface water sample concentrations of up to 0.05 μg L−1 and up to 1.9 μg L−1
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in treated wastewater [35] were detected. Deblonde et al. [1] presented in their review
furosemide concentrations of 0.413 μg L−1 and 0.166 μg L−1 in wastewater influent and
effluent, respectively. Among human pharmaceuticals divided into six categories (IA, IB,
IIA, IIB, III, IV), furosemide belongs to the highest risk group (IA) as it has been shown
to pose a risk to the aquatic environment already at concentrations of potential exposure
(PEC) > 0.1 μg L−1 [36]. In the study by Jelic et al. (2011) removal rates for furosemide
were found between WWTPs to be 30%, 60% and 80% [37]. In our experiment, 99.7% of
furosemide was removed with ozone purification with the OxTube hermetic dissolution
method and 5.9% using PAA and UV disinfection. With the treatment of H2O2 and UV
disinfection, no reduction was detected. Thus furosemide was successfully removed from
the wastewater effluent with using ozone as the disinfection method.

3.5. Lamotrigine

Lamotrigine is an anticonvulsant medication used to treat epilepsy and bipolar disor-
der. Lamotrigine has recently been recognized as a persistent pharmaceutical in the water
environment and in wastewater effluent. Bollman et al. [38], found N2-glucuronide conju-
gates of lamotrigine cleaved to form lamotrigine and that the concentration of lamotrigine
increased from 1.1 to 1.6 μg L−1 in WWTPs. In this study, the lamotrigine concentration
in wastewater was within the range of 1.5 ± 0.06 μg L−1. In a previous study [39], it was
found to be present in 94% of the studied wastewater samples, with a mean concentration
of 0.488 μg L−1. The same study found lamotrigine in two drinking water samples. As
lamotrigine has also been detected in groundwater, it has been suggested that lamotrigine
could be used as an indicator for the presence of treated wastewater in raw water used
for drinking water production [38]. Lamotrigine is very persistent chemically and physi-
cally and can resist UV photolysis and ozone, but it reacts rapidly with hydroxyl radicals.
Therefore, advanced oxidation processes might be effective for removing this compound
during water treatment [40]. In this study, 46.4% of lamotrigine was removed by ozone
purification with the OxTube hermetic dissolution method. With PAA and UV disinfection
there was no reduction and with H2O2 and UV disinfection the reduction was 6.7%. The
removal capacity of the ozone disinfection was less efficient for lamotrigine than for other
anthropogenic substances studied. However, ozone disinfection was more efficient for
removal of lamotrigine than any other tested disinfection method.

3.6. Diclofenac

Diclofenac (2-2-2,6-dichlorophenylaminophenylacetic acid; DCF) is a common non-
steroidal anti-inflammatory drug that is used as oral tablets or as a topical gel. It is
especially known for its harmful effects on vultures [41,42]. DCF is commonly found
in municipal wastewater in Finland [43]. In 2002, the average concentration of DCF in
wastewater influents was 0.35 ± 0.1 μg L−1 [44]. In 2013, DCF was selected for inclusion
on the watch list of the WFD in order to collect data on it for the determination of risk
reduction measures. According to the proposed EQS document, the maximum allowable
concentrations of DCF is 0.1 μg L−1 in fresh waters and 0.01 μg L−1 in marine waters [45].

In recent years, the highest detected concentration of DCF in wastewater effluents
in Finland has been 0.62 μg L−1 [46] and in surface waters 0.022 and 0.05 μg L−1 [10].
Furthermore, Lindholm-Lehto et al. [43] found some high concentrations of DCF. In this
study, 1.4 ± 0.2 μg L−1 DCF was detected in the Kuopio wastewater effluent. Even though
DCF is removed by natural processes such as photodegradation, the residues still remain
in the environment as potential toxic metabolites and as the original compound. In the
environment DCF is detected in lower concentrations, such as ng L−1 to mg L−1, than
in wastewater. It has been stated that DCF has adverse effects on several environmental
species already at concentrations of ≤1 μg L−1 [47]. It has been suggested that DCF used
as an NSAID (non-steroidal anti-inflammatory drug) and as a pain gel cannot be removed
effectively in WWTPs. The removal efficiencies of diclofenac in WWTPs varied from
0% up to 80%, but were in mainly in the range of 21–40% in the study by Zhang et al.
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(2008) [48]. In our current study, DCF removal from the tested wastewater was 99.7%
using ozone purification with the OxTube hermetic dissolution method. PAA and UV
disinfection removed 7.1% and with H2O2 and UV disinfection the reduction of DCF was
16.7%. Diclofenac was efficiently removed from the wastewater effluent by using the ozone
disinfection. Also, the combined H2O2 and UV disinfection was able to remove diclofenac
more efficiently compared to the other studied substances.

3.7. Venlafaxine

Venlafaxine is one of the most abundant antidepressants in municipal wastewaters
where concentrations of the substance have been generally shown to range between 0.003
and 0.743 μg L−1 wastewater effluent receiving waters [49]. In this study concentra-
tions of 1.0 ± 0.13 μg L−1 were found. Venlafaxine has also been detected at very low
(<0.005 μg L−1) concentrations in untreated drinking water [50]. More than 60% of ven-
lafaxine has successfully been removed with anaerobic biological reactors [51]. Ozone
purification with the OxTube hermetic dissolution method removed 91.3% of the detected
venlafaxine. H2O2 and UV disinfection removed 1.1%, and with PAA and UV disinfec-
tion there was no reduction. In this study, venlafaxine was removed efficiently from the
wastewater effluent by using ozone disinfection.

3.8. Losartan

Losartan, an antihypertensive, was one of the 10 most used medicines in Finland in
2018 [52]. Losartan can undergo structural modification resulting in formation of valsartan
acid, which is a persistent pollutant ending up into activated sludge [53]. Losartan can
also be found in various water matrices such as surface water and rivers [54]. It has been
shown to be present in municipal wastewaters, e.g., in Colombia losartan has been detected
in wastewater effluent at concentrations of 1.97 and 1.00 μg L−1 [55]. When studying
pharmaceutical residues, Kot-Wask et al. (2016) found signs of losartan in wastewater from
the Pomerania area in Poland [56]. In this study, a mean concentration of 0.9 ± 0.2 μg L−1

was detected. The removal of losartan has been studied with a WWTP that was designed
for biological nitrogen removal and chemical precipitation of phosphorus. The removal
efficiency of losartan in the system varied between 50–80% [57]. In our current study 99.6%
of losartan was removed using ozone purification with the OxTube hermetic dissolution
method. With PAA and UV disinfection, and H2O2 and UV disinfection the reduction was
13.8% and zero, respectively. Thus, the disinfection method using ozone as a disinfectant
worked well in removal of losartan. Partial losartan reduction was also achieved with
combined PAA and UV disinfection.

3.9. The Most Efficient Removal of Anthropogenic Substances Achieved by Using Ozone
Purification with OxTube Hermetic Dissolution Method

Dissolved ozone has been used for years to disinfect and purify water [58]. Ozone
is produced by separating oxygen from the air with an oxygen generator or industrial
bottled instrument oxygen gas O2. Pure oxygen is passed through a strong electric field
with continuous corona discharge. When ozone decomposes in water, the hydrogen peroxy
(HO2) and hydroxyl (OH) are formed and they have great oxidizing capacity [59,60]. The
half-life of ozone in aqueous solution depends, among other things, on pH and temperature
of the water. In our study, the usage of ozone with the OxTube hermetic dissolution method
was relatively efficient in removing of the detected anthropogenic substances. The reason
for the achieved reduction capacities could be due to free radicals that are formed.

The use of ozone-based cleaning and disinfecting agents has increased in recent
years in industry and water treatment sectors. The advantage of ozone compared to
chlorine or other disinfectants is that ozone is very reactive, degrades rapidly and leaves
no toxic or unwanted end products. It is an exceptionally good disinfectant with faster
disinfection kinetics and more potency to eliminate most microorganisms than other
chemical disinfectants in use. Ozonation followed by chlorination is proved to be better in
terms of producing less disinfection byproducts than the sole use of chlorination [61].
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Wastewater is a complex mixture of water and various substances, its viscosity is
usually higher than water, the movement between substances is slow and thus its handling
differs greatly from e.g., domestic water. This may be one reason why using OxTube
hermetic dissolution method produced such good results in our case although we did not
test the efficiency of ozone disinfection without this device.

4. Conclusions

Many anthropogenic substances are harmful to the environment. Out of the 121 anal-
ysed substances 44 were detected (Table S1) in the treated wastewater samples collected
from the Kuopio (Lehtoniemi) WWTP. Eight substances (cetirizine, BZT, hydrocholoroth-
iazide, furosemide, lamotrigine, DFC, venlafaxine, and losartan) were detected at concen-
trations over 1 μg L−1. Among these eight substances, DCF is the only one that appears on
the European Union’s WFD monitoring list. In 2013, it was included on the first watch list
to gather monitoring data for the purpose of facilitating the determination of appropriate
measures to address the risk posed by the substance.

The results from this study showed that ozone disinfection using an OxTube her-
metic dissolution method can efficiently reduce the concentration of pharmaceuticals in
wastewater effluent. In future work, the OxTube hermetic dissolution method should be
compared to other ozone mixing devices to prove the performance and capacity of this
novel dissolution technique.
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1/13/3/360/s1, Figure S1: Equipment used in the experiments; Table S1: List of the concentrations
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Abstract: Pharmaceutical contamination threatens both humans and the environment, and several
technologies have been adapted for the removal of pharmaceuticals. The coagulation-flocculation pro-
cess demonstrates a feasible solution for pharmaceutical removal. However, the chemical coagulation
process has its drawbacks, such as excessive and toxic sludge production and high production cost.
To overcome these shortcomings, the feasibility of natural-based coagulants, due to their biodegrad-
ability, safety, and availability, has been investigated by several researchers. This review presented
the recent advances of using natural coagulants for pharmaceutical compound removal from aqueous
solutions. The main mechanisms of natural coagulants for pharmaceutical removal from water
and wastewater are charge neutralization and polymer bridges. Natural coagulants extracted from
plants are more commonly investigated than those extracted from animals due to their affordability.
Natural coagulants are competitive in terms of their performance and environmental sustainability.
Developing a reliable extraction method is required, and therefore further investigation is essential to
obtain a complete insight regarding the performance and the effect of environmental factors during
pharmaceutical removal by natural coagulants. Finally, the indirect application of natural coagulants
is an essential step for implementing green water and wastewater treatment technologies.

Keywords: natural coagulation; chemical coagulation; pharmaceuticals; Moringa oleifera; green
treatment technology

1. Introduction

The discharge of pharmaceutical waste into the environment poses a threat to both
humans and environmental systems. The disposal of these contaminants without proper
treatment has resulted in pharmaceuticals being widespread in ecosystems [1]. The pres-
ence and accumulation of these emerging compounds harm the ecosystem. Human drugs
such as ibuprofen and acetaminophen are continuously accumulating in the environment,
resulting in pollutants in water bodies and causing harmful effects [2]. In addition, the
mineralization rate of pharmaceuticals such as diclofenac and ibuprofen through photo-
catalysis is low, resulting in the accumulation of these compounds in the environment [2].
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The effluent of wastewater treatment plants is the typical source of pharmaceutical com-
pounds, since the conventional wastewater treatment methods are not designed to remove
these micropollutants [3]. Therefore, these harmful chemicals accumulate and contaminate
soil, rivers, oceans, and groundwater [4].

Recently, several studies reported the efficiency of the coagulation-flocculation treat-
ment method for pharmaceuticals’ removal, especially in rich organic wastewater [1].
Coagulation-flocculation consists of two steps: (1) the tendency of colloidal particles to
form large flocs by destabilization, and (2) settling these large flocs by precipitation. The
removal of pharmaceuticals directly by means of the coagulation process is not reported
in the literature. The mechanism of pharmaceuticals’ removal by coagulation process is
indirect by using colloidal particles as a vehicle for pharmaceuticals [3,5,6].

For many years, chemical-based coagulants such as aluminum sulfate (alum) and poly-
aluminum [7,8] have had different environmental effects by producing highly toxic sludge.
In addition, the consumption of water contaminated by the residual chemical coagulants
may cause neurodegenerative diseases [9]. Thus, the transition towards natural-based
coagulants for water and wastewater treatments has gained increasing attention in recent
years [10].

Natural coagulants can be produced from natural sources such as plants and animals.
Many studies reported several natural sources for extracting natural-based coagulants [11,12].
Natural resources that possess a higher molecular weight may contain a more extended
polymer that increases these natural coagulants’ efficiency [13–15]. These sources have been
extensively studied to treat different types of wastewater, such as textile wastewater, dairy
wastewater, and domestic wastewater [16,17]. In addition, coagulants can also be obtained
from animal waste such as banes and shells [18]. The main challenge of using natural
coagulants in general, especially animal-based coagulants, is their continuous availability for
large-scale treatment [18].

Natural coagulants perform better at a wide pH range [19–21]. In addition, using
natural coagulants does not change the pH of water compared to chemical coagulants. In
addition, natural coagulants positively affect the ecosystem and the environment [10,22,23]

The application of natural coagulants has been reported in many studies for domestic
and industrial wastewater [24]. However, fewer studies investigated the performance of
natural coagulants for emergency pollutant removal. In addition, fewer reviews discussed
the use of natural coagulant for pharmaceuticals removal. In line with the aforementioned
gaps. These reviews present and discuss the recent natural coagulation method for phar-
maceutical removal from water and wastewater. A comprehensive comparison between
natural coagulants and chemical coagulants is also presented. Finally, this review highlights
the required future research to overcome the shortcomings of using natural coagulants.

2. Fundamental of Coagulation Processes

The coagulation process is used wildly in water and wastewater treatment, as it is
effective for removing suspended solids, turbidity, organic matter, oil, chemical oxygen
demand (COD), and color [25]. The coagulation process is mainly conducted by adding
a coagulant that allows small agglomerate particles (unsettleable fine particles) to form
larger flocs that can settle. Coagulation and flocculation are interlinked. Coagulation is the
clustering process under high-speed mixing, whereas flocculation is the settling process
under gentle mixing. Generally, colloidal particles are negatively charged particles. Thus,
coagulation is a chemical process that involves neutralizing these particles in water and
wastewater, whereas flocculation is a physical process involving the formation of flakes
from neutralized particles during the coagulation process. Thus, large flocs form during
coagulation, and they aggregate and settle during flocculation [26].

Generally, the coagulation process depends on operating conditions such as settling
time, mixing rate, coagulant type, and dosage. These factors determine the quality of the
produced water. In addition, the coagulant dosage must be suitable for a decent suspension
of particles, and the mixing speed should be high. The other coagulant properties, such
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as life span and quality, determine the coagulant’s stability during storage. Following the
coagulation-flocculation, the large flocs sink through gravitational settling; this process
depends on the settling rate of the particles [27].

The colloidal particles’ sizes range from 0.001 to 1.0 μm due to them being negatively
charged and the small size being suspended in water. Four mechanisms are used to
destabilize these fine particles using a coagulant; charge neutralization, polymer bridging,
sweep flocculation, and double-layer compression (Figure 1).

Figure 1. Coagulation mechanisms diagram showing charge naturalization, polymer bridging,
sweep flocculation, and double-layer compression, copied with permission from Ref. [10], Copyright,
2021, Elsevier.

In the charge neutralization mechanism, the oppositely charged ions are used to
attract colloidal particles, and coagulants added to the wastewater will further neutralize
the electrical load until it reaches zero zeta potential; as a result, the colloidal particle charge
neutralizes, and the electrostatic repulsion decreases or is almost eliminated [28]. Generally,
when a chemical coagulant is added to water, a hydrolysis process occurs, producing
cationic species which react colloidally. The polymer bridging mechanism takes place
when a polymer or polyelectrolyte coagulant with a long chain destabilizes the colloidal
particles by making a bridge that forms a connection between them. The polymer coagulant
adsorbs multiple particles to the polymer molecule surface [29]. Thus, strong clusters of
macro flocs are produced and tied together by bridges. The flocs formed by polymer
bridging are flaky with irregular void spaces. The sweep flocculation coagulant traps the
colloidal particles and forces them to sink to the bottom. A net-like structure is formed
by the hydrolysis process that makes up precipitation of amorphous metal hydroxide.
The double-layer compression includes a coagulant that helps the colloidal particles to
reduce the repulsion force and assemble. This mechanism works by means of the presence
of a high concentration of electrolyte ions around the colloidal; thus, an opposite charge
enters the diffused double layer which surrounds the colloids; as a result, the density is
increased [30].

The strongest flocs are those formed through polymer bridging, followed by those
formed through charge neutralization and sweep flocculation. The flocs formed through
charge neutralization are compacted but not strong, because they depend on the physical
rather than chemical bonds. Analysis such as initial floc aggregation, the flocculation index,
and the relative settling factor indicated that flocs produced by sweep flocculation have
good settling behavior but have a slower formation rate. Flocs produced by double-layer
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compression are bigger due to the high aggregation rate, but their settling behavior is
affected by the unnecessary friction force formed between flocs. Moreover, the coagulant’s
ionic charge significantly affects the strength of flocs. Divalent ions produce flocs stronger
than monovalent ions and require less time to settle. Generally, the dominant coagulation
mechanism for natural coagents is charge neutralization [10].

3. Factor Affecting Coagulation Process

Determination of optimum operating conditions is crucial, as an added coagulant
is utilized thoroughly to remove the contaminants. Deferent optimal conditions can be
achieved for different coagulants. A deep understanding of the reaction between pollutant
and coagulant is needed to achieve high performance in addition to decreasing the cost
and sludge volume. Many parameters affect the efficiency of the coagulation process for
water and wastewater treatments, and these parameters are varied to control the optimal
conditions for the highest efficiency. Coagulant dosage, pH, turbidity, mixing speed and
time, and temperature are the main operating factors affecting coagulation speed [31].
These factors significantly impact the coagulation process, affecting the effectiveness and
efficiency of coagulants in water and wastewater purification processes.

3.1. Coagulant Dosage

The optimal coagulant dosage is an important parameter that entirely controls coagula-
tion reactions. The influence of coagulant dosage can be discussed for three different levels.
The optimal coagulant dosage effectively aggregates the colloidal particles in water and
wastewater. An underdosage inhabits the proper assembly of colloidal particles, whereas
an overdosage pollutes the wastewater and causes an increase in organic load, turbidity,
and higher slurry volume, which leads to an increase in the treatment cost [10].

3.2. pH

pH is an acidity/alkalinity measurement that varies between 1 and 14. The pH of
water and wastewater is an essential environmental factor, as it affects chemical reactions
during the treatment process [32,33]. The amphoteric coagulant molecules’ charge highly
influences the pH during the treatment process. In addition, alkalinity, which is defined as
the capacity to neutralize acidity, controls the efficiency of the coagulation process. Most
chemical-based coagulants, especially ferric-based coagulants, absorb a high percentage of
alkalinity. Thus, adding a coagulant to wastewater with low alkalinity produces poor flocs.
Additional alkaline agents such as caustic soda, slime, or soda ash should be added to the
wastewater to overcome this problem. A pH value differing from the optimum pH produces
a mixture of negative and positive charges of amino acids, which decreases the coagulant’s
cationic efficiency [29]. Moreover, pH determines the optimum coagulant dosage as it
affects the protein molecule ionic charge. Therefore, the optimum pH’s determination and
adjustment must be performed before implementing the coagulation process.

3.3. Initial Turbidity

Initial turbidity is an essential factor that affects the coagulation process. The presence
of a colloidal particle in water causes turbidity that affects the clarity of the water. Soil,
abundant microorganisms, organic matter, decaying matter, colored compounds (pigment
and dye), algae, and plankton induce turbidity in water, making it look murky, cloudy,
and undesirable. Colloidal particles and turbidity are a challenge in water and wastewater
treatment, as the increased rate of turbidity means more pollutant molecules are available,
which means a higher number of collisions between the coagulant and pollutants may be
produced [34]. More collisions result in sturdier and larger flocs, which settle faster.

On the other hand, a low initial turbidity decreases the collision chance between
coagulants and pollutants. As a result, small flocs are formed, which settle slowly. Moreover,
a low initial turbidity forms a flake-like structure that needs more time to sink.
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3.4. Mixing Speed and Time

The mixing speed and time is an essential operation condition that affects the efficiency
of the coagulation process. Rapid mixing is used during the coagulant’s addition to
evenly enhance the distribution of coagulant through the wastewater and destabilize the
suspended particle, whereas gentle mixing is required to increase the collision between
particles to form macro flocs [29]. These two speeds control the entire coagulation process
as the efficiency of the coagulation process depends on the speed and time of mixing.
Inadequate speed and time may inhabit the homogeneous agglomeration of the particles
and increase the floc shear and tear.

4. Natural Coagulants

Recently, natural or green coagulants and their application for water and wastewater
treatment have received attention, as they do not conserve alkalinity and maintain pH. In
addition, natural coagulants do not add metals to the effluent, as chemical coagulants do;
a lower sludge volume is produced, and thus, the cost of disposal is lower [10]. Natural
coagulants are classified into plant-based coagulants and non-plant-based coagulants. Plant-
based coagulants can be prepared from leaves, seeds, fruit wastes, the bark of trees, and
other sources. Plant-based coagulants have been more widely investigated than non-plant-
based coagulants due to their greater affordability [22]. A wide range of natural coagulants,
such as moringa seeds, banana peel, jatropha curcas, cassava peel starch, watermelon,
pawpaw, beans, nirmali seeds, and okra have been studied previously [35].

Natural coagulants in powder forms are usually added directly to wastewater. The
preparation methods of natural coagulants depend on their source [36–38]. Figure 2 shows
the preparation stages for natural powder coagulants from seeds. Oil extraction is an
essential step for high oil-content seeds such as Moringa oleifera, which contain 30–40% oil,
as when a coagulant made from high oil-content-based seeds is used without oil extraction,
the organic matter in the treated wastewater will increase. Table 1 illustrates the main
application forms of natural coagulants.

Figure 2. Flow chart of natural coagulant preparation from seeds, copied with permission from
Ref. [10], Copyright, 2021, Elsevier.

4.1. Plant-Based Coagulant

Natural coagulants are used for water treatment; however, they are not used for
industrial wastewater due to their higher costs than chemical coagulants. Generally, natural
coagulants effectively treat water or wastewater with low turbidity ranging from 50 to 500
NTU (Nephelometric Turbidity Units). The primary sources of plant-based coagulants
are Moringa oleifera, Nirmali seeds, cactus, and tannin. The extracted natural polymers
from these seeds are biodegradable and eco-friendly [36]. Anionic polyelectrolytes are
extracted from Nirmali seeds; this extract has hydroxyl (-OH) and carboxylic (-COOH)
groups, increasing coagulation efficiency. The combination of galactan and polysaccharides
extracted from Strychnospotatorum seeds may increase the turbidity removal efficiency up
to 80%. The availability of the hydroxyl group (-OH) in the galactan and galactomannan
enhances the adsorption process between the surface of colloidal and these polymers; thus,
the polymers’ bridging action may increase. The polyelectrolytes neutralize the negative
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colloidal particles and adsorb onto the surface particles. Natural coagulants possess several
functional and charged groups such as -COOH, -NH2, and -OH. Generally, the action of
natural polymeric coagulants combines polymer bridging and charge neutralization.

Table 1. The main application forms of natural coagulants.

Natural Coagulant Application Form Reference

Moringa oleifera
Seed paste [38]

Press cake (solid) [39]

Powder [40]

Chitosan

Powder [41]

Stock solution (0.1 M HCl) [42]

Solution (1% acetic acid) [43]

Stock solution (0.1 M HCl and distilled water) [44]

Rice starch Starch solution [45]

Jatropha curcas Press cake (solid) [46]

Watermelon seeds Oil-free powder [47]

Banana pith Powder [48]

Ocimum basilicum Mucilage [49]

4.2. Animal Base

The source of animal-based coagulants is usually obtained from the exoskeleton of
shellfish extracts, animal bone shell extracts, and chitosan. Chitosan is a polymer (cellulose-
like biopolymer) with a high molecular weight produced from the deacetylation of chitin,
extracted from the shells of crabs, lobsters, shrimps, diatoms, fungi, insects, freshwater and
marine sponges, and mollusks. The applicability of using chitosan as a natural coagulant
has been studied intensively for wastewater treatment in the agricultural industry, textile
industry, food processing industry, paper mills, soap and detergent industry, and other
industries [34]. The main advantages of using chitosan as a coagulant are that when added
to acidic wastewater, it reacts and produces positive charges that destabilize colloidal
particles’ negative charge [37].

5. Pharmaceutical in Water and Wastewater

Pharmaceuticals are a set of developed chemicals used for human and veterinary
medication. Recently, they have been classified as ecological contaminants that threaten
both humans and environments [50]. Pharmaceuticals include antibiotics, analgesics, both
legal and illicit, beta-blockers, steroids, etc., and they have been detected in wastewater
treatment plants’ effluents, sediments, sludge, natural waters, groundwater, and drinking
water. The presence of pharmaceuticals in the soil may trigger the development of antibiotic-
resistant genes [51].

Currently, pharmaceuticals and their biotransformative compounds are bioaccumulat-
ing and harmfully affecting the ecosystem. However, these chemicals have been discharged
to the environment for a long time, their environmental effects have only been considered
recently. Many pharmaceuticals (around 160) have been detected in water bodies in low
concentrations. These chemicals are classified as pseudo-persistent pollutants which en-
vironmentally persistent and are continuously discharged into the environment at low
concentrations. These pharmaceuticals’ eco-toxicological impacts on aquatic and terrestrial
life are unknown [52].
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5.1. Pharmaceuticals’ Consumption and Fate

The consumption of pharmaceutical compounds has increased dramatically due to
many reasons, such as a decrease in production cost and chronic disease treatment demand.
As a result, the presence of these compounds has increased. Currently, the environmental
management of pharmaceuticals is challenging, as these substances are found in wastewater
treatment plants’ effluents in low concentrations (usually in ng/L). Sophisticated analytical
apparatuses and complex methods are needed to quantify pharmaceuticals at this low
concentration [53].

Pharmaceuticals are generally moved and transported by the demonstrated routes in
Figure 3 [54]. After consumption, metabolism in the human body, and extraction, phar-
maceuticals usually reach aquatic environments by being discharged in treated domestic
wastewater effluents [55]. During this route, pharmaceuticals may go through chemical re-
actions and transformation, forming by-products, which are sometimes more harmful and
persistent than their parent compounds. Most of these compounds are non-biodegradable
in conventional treatment methods; as a result, they remain and are discharged through
wastewater treatment plants’ effluents into water bodies such as lakes, rivers, and estuar-
ies [56]. In veterinary products, pharmaceuticals reach aquatic systems through subsequent
outflow and manure and direct application in aquaculture [57]. Microorganisms may
convert the metabolic compounds to their parental form in surface and groundwater [58].
The ecological concern related to pharmaceuticals in water resources is not directly related
to their quantity but to their availability and persistence, which directly affects aquatic life
through their toxicity and their potential effect on endocrine function [54,59].

Figure 3. Pharmaceuticals’ fates and environmental pathways, copied with permission from Ref. [54],
Copyright, 2019, Elsevier.

5.2. Technologies for Pharmaceutical Wastewater Treatment

Pharmaceutical removal from water and wastewater is challenging due to their low
concentration and resistance to degradation. Many technologies have been investigated for
pharmaceutical removal from water and wastewater [60]. In this section, the pharmaceutical
removal methods are discussed.

Activated sludge systems have been used for domestic and industrial wastewater
treatments for a long time. Recently, the efficiency of this conventional treatment method
for pharmaceuticals removal was investigated. Ren et al. [61] studied the removal of
21 parimutuels by an activated sludge treatment system. The result show that 14 com-
pounds were biodegradable, whereas seven were non-biodegradable. Thus, activated
sludge treatment methods are not efficient in completely removing pharmaceuticals from
wastewater, as it is not designed for this type of pollutant. Electrocoagulation is more
efficient and effective than chemical coagulation. In electrocoagulation, anodes are used to
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treat contaminants, and the formed coagulants are used for their degradation. Many studies
investigated the use of electrocoagulation treatment methods to remove pharmaceuticals
such as dexamethasone, doxycycline hyclate, hydrolyzed peptone, caffeine, sulfamethazine,
and cephalexin from wastewater. The results show a high removal efficiency (generally
above 90%), indicating that these systems efficiently remove pharmaceuticals [62]. The
main advantages of using electrocoagulation treatment are its easy chemical maintenance
and high efficiency for colloidal particle removal. However, electricity and sacrificial
electrodes are the main drawbacks of using this method, as they need to be replaced [63].

Advanced oxidation processes are effective in removing pharmaceuticals that con-
ventional biological methods cannot remove. Among these methods, the Fenton reaction
represents hydroxyl radical formation by a reaction between hydrogen peroxide (H2O2)
and Fe (II). The hydroxyl radical is considered among the strongest oxidants that can
oxidize a wide range of organic matters with low selectivity [64]. Therefore, Fenton-based
reactions are commonly used for degradation emergency contaminants such as pharma-
ceuticals. pH control is essential for the Fenton reaction; thus, this treatment technology
is usually performed at an acidic pH (3–5). The Fenton reaction method is found to be
an effective method for a wide range of pharmaceuticals removal such as hydroxylamine,
cyclohexanone, pyridine, toluene [65]. Many reports revealed that membrane bioreactor
technologies can remove more micropollutants than conventional activated sludge systems
due to their high MLSS (Mixed Liquor Suspended Solids) concentration and high sludge
retention time, which allow the growth of low growth bacteria [66]. These bacteria can
degrade complex organic compounds. The removal of acetaminophen, carbamazepine,
mefenamic acid, ibuprofen, diazepam, naproxen, and ketoprofen by a membrane bioreactor
was studied. Overall, more than 85% removal efficiency was obtained [67]. The major
drawback of membrane bioreactors is the fouling of membranes that need frequent cleaning
and sometimes replacement [68].

Photocatalysis is a reaction in which the presence of a catalyst accelerates the photore-
action [69–71]. The main advantage of photocatalysis reactions is the need for temperature
or pressure or chemical agents such as hydrogen peroxide. However, this method is costly.
Titanium oxide is the most studied catalyst for photocatalysis reactions due to its biological
and chemical stability, inertness, and low cost compared to highly photoactive semicon-
ductor materials. Titanium oxide can be used many times without losing its photocatalyst
activity [72,73]. Nevertheless, the separation of titanium oxide from the reaction matrix
is complicated. In addition, the transformation of organic matter is incomplete, and by-
products, sometimes with a higher toxicity than parent compounds, are produced. Figure 4
shows the problems of using titanium oxides as a catalyst in photocatalysis reactions for
pharmaceutical removal [74]. Ozonation has been used as an advanced treatment in many
wastewater treatment plants worldwide to enhance contaminant removal. Ozone is a
colorless, unstable gas used as a disinfectant for organic and inorganic pollutants. Two
mechanisms are used to degrade organic matter by ozonation; (1) an indirect attack by
hydroxyl radicals produced by ozone decomposition, and (2) a direct electrophilic attack
by ozone [75]. The main drawbacks of using ozone are the high operational cost; the
by-products may be toxic; and that ozone is less soluble in water [68].

Figure 4. TiO2-related problems, copied with permission from Ref. [62], Copyright, 2021, Elsevier.
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6. Application of Natural Coagulants for Pharmaceutical Removal

Recently, green water and wastewater treatment technologies have gained more
attention. Among these technologies, natural coagulants are a promising method for
wastewater treatment [76]. In this section, the recent advancements made in using natural-
based coagulants are presented.

In a recent study, Nonfodji et al. [77] prepared a natural coagulant from Moringa oleifera
seeds, and they studied its performance for hospital wastewater treatment. The results
indicate that the removal efficacy of turbidity and COD was 64 and 38%, respectively. In a
subsequent study, Thirugnanasambandham and Karri [78] compared the COD, turbidity,
and color removal by two types of coagulants; a natural coagulant (Azadirachta indica A.
Juss) and a chemical coagulant (aluminum sulfate). Remarkably, the results indicate that
natural-based coagulants may not only be effective for COD, turbidity, and color removal,
but may also be economically competitive, as the operating costs were USD 0.56/m3 and
USD 1.73/m3 for natural coagulants and the chemical ones.

In another study, Maharani et al. [79] investigated the removal of COD and BOD
from pharmaceutical waste using moringa seed coagulant and tapioca starch coagulant.
The results point to high BOD (Biochemical Oxygen Demand) and COD removal for
both natural coagulants. For moringa, the BOD and COD removals were 90 and 71%,
respectively, whereas for tapioca, they were 95 and 94% for BOD and COD, respectively.
These results indicate that natural coagulants might be a promising treatment technology
for pharmaceutical waste treatment. Oliva et al. [80] studied the use of rice husk ash
functionalized by Moringa oleifera protein for amoxicillin removal from water solutions.
They also investigated the effect of operating parameters such as coagulant dosage, initial
amoxicillin concentration, and contact time. The results indicate that the used biomaterials
are feasible for pharmaceutical removal from water. Olivera [81] examined the potential
of using biomaterial extracted from Moringa oleifera for the extraction of diclofenac and
oxytetracycline from wastewater. The results show the high potential for pharmaceutical
removal from wastewater using biomaterial.

The removal percentages were 88% for diclofenac and 50% for oxytetracycline. Santos
et al. [82] examined tetracycline removal from river water by using Moringa oleifera seeds.
The results show 50% tetracycline removal efficiency at 0.5 g/L Moringa oleifera dosage. Iloa-
maeke and Chizaram [83] examined the removal of pharmaceuticals by Phoenix dactylifera
seeds-based coagulants. The results show that a maximum removal efficiency of 99.86%
was achieved at a 100 mg/L coagulant dosage, a 50 min settling time, and a pH of 2.

Sibartie and Ismail [84] studied the performance of H. Sabdariffa and J. Curcas as a
neutral coagulant for pharmaceutical wastewater treatment. The results demonstrate that at
a coagulant dosage of 190 mg/L and pH 4, the maximum removal efficiency was achieved
for turbidity (5.8%) and COD (30%) by H. Sabdariffa, while J. Curcas works best at pH 3
and a coagulant dosage of 200 mg/L to remove 51% of turbidity and 32% of COD. Table 2
presents the application of natural coagulants to remove different types of pharmaceuticals.
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Table 2. Application of natural coagulant for the removal of different types of pharmaceuticals.

Coagulants Properties Contaminants Conditions Main Results Reference

Moringa oleifera seeds Plant-based COD (hospital
wastewater)

Initial COD 238 mg/L;
pH 6, 8;

Coagulant dosage 0–4000 mg/L;
Rapid mixing: 200 rpm for 3 min;
Gentle mixing: 45 rpm for 30 min;

Settling time 60 min.

Moringa oleifera seed polymers are
promising bio-coagulants for hospital

wastewater treatments.
[77]

Azadirachta indica A.
Juss. Plant-based COD (urban

sewage)

Initial COD 3030 mg/L;
pH 4.5;Coagulant dosage 2000–6000 g/L;

Rapid mixing: 100 rpm for 1 min;
Gentle mixing: 40 rpm for 30 min;

Settling time 60 min.

Natural coagulants effectively
reduced COD, turbidity, and color at

optimum conditions compared to
chemical coagulants

[78]

Moringa seed coagulant,
tapioca starch

coagulants
Plant-based

COD
(Pharmaceuti-

cal waste)

pH 6–8;
Coagulant dosage 3780 mg/L;

Rapid mixing: 100 rpm for 10 min;
Gentle mixing: 60 rpm for 15 min;

The high removal efficiency observed
with the use of tapioca flour coagulant
is due to an amide group that contains

a high positive charge

[79]

Rice husk ash
functionalized by

Moringa oleifera protein
Plant-based amoxicillin

Dosage 500, 1000, 1500 mg/L;
Contact time 30, 60, 90 min;

Mixing speed 150 rpm;
Initial amoxicillin concentration (100, 200,

300) mg/L

Rice husk ash functionalized by
Moringa oleifera protein can be an
effective treatment method for an

antibiotic from water

[80]

Moringa oleifera
adsorpant Plant-based

Diclofenac and
Oxytetracy-

cline

pH 3–10;
Dosage 2000 mg/L;

Initial diclofenac and oxytetracycline
concentration 0.2–1 mg/L;

Stirring speed 150 rpm.

The removal efficiency is highly
pH-dependent; diclofenac removal

efficiency was 4.8% at pH 8 and 87.3%
at pH 2, while the removal efficiency
of oxytetracycline at pH 3 and 10 was

31 and 50%, respectively

[81]

Moringa oleifera seed Plant-based Tetracycline
antibiotic

Tetracycline initial concentration 5 mg/L;
Coagulant dosage 250–2500 mg/L;

pH 5–8;
Rapid mixing: 120 rpm for 1 min;
Gentle mixing: 30 rpm for 15 min;

Settling time 30 min

Moringa oleifera seed is a natural,
simple, and environmentally friendly

technology for antibiotic removal
from contaminated water

[82]

Phoenix dactylifera Plant-based Pharmaceutical
effluent

pH 4–10;
Coagulant dosage 200–400 mg/L;
Rapid mixing: 100 rpm for 2 min;
Gentle mixing: 40 rpm for 20 min;

Settling time 50 min

SEM analysis indicated that phoenix
dactylifera adsorbed pharmaceutical

particles on the surface; thus, phoenix
dactylifera can be an effective green
coagulant for emergency pollutant

removal

[83]

Hibiscus Sabdariffa and
Jatropha Curcas Plant-based Pharmaceutical

Wastewater

Contaminant initial concentration 660
mg/L;

pH 2–12;
Coagulant dosage 40–200 mg/L;

Rapid mixing: 100 rpm for 10 min;
Gentle mixing: 40 rpm for 25 min;

Settling time 50 min

Compared to chemical coagulants
(Alum), natural coagulants such as J.
Curcas have better performance in

terms of pharmaceutical wastewater
treatments

[84]

7. The Transition from Chemical to Natural Coagulant: Comparative Evaluation on
Performance

The transition from chemical coagulation to natural coagulation can be an important
step towards increasing green water treatment technology, reducing health risks and
environmental pollution [23]. Natural coagulants can be obtained from plant or animal
sources. Natural coagulants were discovered years ago, before chemical coagulant; over
the years, the application of natural coagulants decreased due to the development of
chemical coagulants. Recently, the rise of green water treatment technology, besides the
environmental problems related to chemical coagulants, has motivated the consideration
of natural coagulants again. This section presents a comparative discussion of natural and
chemical coagulants.

Many studies evaluated the performance of natural coagulants for removing pollutants
from water and wastewater; they concluded that natural coagulants can be competitive in
terms of removal efficiency [26]. Table 3 presents the comparison performance of natural
and chemical coagulants. The combination of chemical and natural coagulants may increase
the performance of the coagulation process. In a study, the combination of alum and banana
peels removed 94% of turbidity, whereas the use of alum and banana peels alone resulted
in turbidity removal efficiency of 73.1 and 65.6%, respectively [85].
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The advantages of using natural-based coagulants over chemical ones are: (1) natural
coagulants may produce less sludge than chemical coagulant; thus, the environmental
sustainability increases, while the sludge handling cost decreases; (2) the natural coagulant
dosage is less than that of chemical coagulants; thus, the cost and sludge production is
lower; (3) the toxicity of natural coagulants is lower than that of chemical coagulants [86];
and (4) the use of natural coagulants does not require skilled workers, as they have a low
health impact and do not represent such as potential environmental hazard [23].

However, natural coagulants have some disadvantages that hinder their widespread
use: (1) rapid mixing during the coagulation process induces cell rupture; thus, the organic
matter load may increase and react with disinfectants in the following treatment process,
resulting in disinfectant by-products [87,88]; (2) the vast majority of natural coagulants
are extracted from plants, so the supply of these coagulants may be affected by seasonal
production [89]; (3) natural coagulants are bio-based materials; thus, this material can
decompose during long-term storage [9]; and (4) some natural coagulants are used as
medicines; the high consumption of these materials in water treatment could affect their
supply to the medicine sector [10].

Table 3. Comparison performance of natural and chemical coagulants.

Type of Wastewater Chemical Coagulant Removal Performance Natural Coagulant Removal Performance Reference

Arsenic-
contaminated
surface water

Ferric chloride
Maximum arsenic removal

of 69.3% at 40 mg/L
coagulant dosage

Cellulose and
chitosan

Maximum arsenic removal of 84.62%
at a 1 mg/L cellulose dosage and

75.87% at a 25 mg/L chitosan dosage.
[90].

Turbidity in
Surface water Alum Turbidity removal of 78.72%

at a dosage of 100 mg/L Sago and chitin
Turbidity removal of 69.15% at a sago
dosage of 300 mg/L, and 67.73% at a

chitin dosage of 300 mg/L
[91]

Paper mill industry Alum Turbidity removal of 97.1%,
COD removal of 92.7%

Moringa oleifera
seed

Turbidity removal of 96%,
COD removal of 97.3% [92]

Paint industry Ferric chloride Color removal of 89.4%,
COD removal of 83.4% Cactus Color removal of 88.4%,

COD removal of 78.2% [93]

Concreate plant Ferric chloride and Alum Turbidity removal of 99.9% Moringa oleifera
seed Turbidity removal of 99.9% [94]

Confectionary PAM TSS removal of 93.5%
COD removal of 95.9% Cactus TSS removal of 92.2%

COD removal of 95.6% [95]

Paper and mill Alum Color removal of 80%
TOC removal of 40% Chitosan Color removal of 90%

TOC removal of 70% [96]

Dam water Alum Turbidity removal of 98.5%,
color removal of 98.5% Watermelon seed Turbidity removal of 89.3%,

color removal of 93.9% [97]

8. Recommendation and Future Prospective

All the mentioned disadvantages of implementing natural coagulants for water and
wastewater create challenges for future research. The current extraction methods of co-
agulants from plants and animals are complex; thus, a new reliable and straightforward
extraction method should be developed for the easily accessible use of natural coagulants.
Some studies reported a higher removal efficiency of chemical coagulants than natural
coagulants. However, optimizing the natural coagulant extraction methods can increase
the performance of these green coagulants; thus, intensive research is needed in this do-
main. The utilization of sources for natural coagulant production is a great challenge, as
the water and wastewater industries consume many of these coagulants. More research
needs to search for new sources, such as inedible plants or/and new medicine plants
for natural coagulant production. Further investigations are required to determine the
optimum conditions for a green coagulation-flocculation process for various wastewater
types. More studies should be conducted to investigate the efficiency of natural coagulants
for micropollutants’ removal from water and wastewater.

9. Conclusions

The removal of pharmaceuticals from water and wastewater is challenging due to
their low concentration and their resistance to biodegradation. Several studies reported
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the feasibility of using natural-based coagulants for water and wastewater treatments. The
main mechanisms that natural coagulants use for pharmaceutical removal from water
and wastewater are charge neutralization and polymer bridging. Plant-based natural
coagulants are more affordable than animal-based ones. Although the application of
natural coagulants for emergency pollutants, especially pharmaceuticals, is limited in the
literature, the available data demonstrate a promising future for these bio-coagulants in this
domain. A natural coagulant has advantages over a chemical coagulant as a low dosage
is required, less sludge is produced, and low/no toxicity is presented. For the complete
transition from chemical coagulants to natural coagulants, further research is required in
areas such as developing reliable extraction methods, searching for new natural sources,
determining the optimal conditions for pharmaceutical removal, and evaluating the effect
of environmental parameters on the process’ performance.
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Abstract: In this study, hexadecylamine (HDA) impregnated chitosan-powder activated carbon
(Ct-PAC) composite beads were successfully prepared and applied to adsorption of the anionic
dye reactive black 5 (RB5) in aqueous solution. The Ct-PAC-HDA beads synthesized with 0.2 g
powdered activated carbon (PAC) and 0.04 g HDA showed the highest dye removal efficiency.
The prepared beads were characterized using Fourier-transform infrared spectroscopy (FTIR) and
scanning electron microscopy (SEM). Various adsorption parameters, i.e., adsorbent dosage, pH,
and contact time, which affect the adsorption performance, were studied in a series of batch
experiments. The obtained adsorption data were found to be better represented by Freundlich
(R2 = 0.994) and pseudo-second-order (R2 = 0.994) models. Moreover, it was ascertained that the
adsorption of RB5 onto Ct-PAC-HDA beads is pH-dependent, and the maximum Langmuir adsorption
capacity (666.97 mg/g) was observed at pH 4. It was also proved that Ct-PAC-HDA beads were
regenerable for repeated use in the adsorption process.

Keywords: chitosan; powder activated carbon; hexadecylamine; hybrid adsorbent; regeneration

1. Introduction

In recent years, the unprecedented development of industrial and urban activities has led to a
significant increase in wastewater discharge into the environment, often contaminated with harmful
organic pollutants (e.g., dyestuffs). Therefore, the separation/elimination of these pollutants from water
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sources is a goal that must be accomplished to ensure human and environmental safety [1]. Due to their
high toxicity, chemical stability, and low biodegradability, dyes are a class of pollutants that are raising
increasing concern, since they cause severe problems to aquatic life and human beings [2]. In particular,
reactive dyes are being widely used in dyeing processes because of their notable properties such as
ease of application, high color fastness, bright colors, and a wide shade gamut from black to vibrant,
brilliant shades [3–5]. However, a low degree of fixation to the fabrics, high water solubility, and poor
adsorption ability are the main reasons for the intense color of the effluents that contain such kind of
dyes [6]. Discharge of such type of wastewater into the environment is known to threaten the ecosystem
due to high toxicity and reduction of sunlight penetration into the water, thus affecting aquatic biota
living functions [7]. Hence, the elimination of reactive dyes from aqueous effluents is a necessary action
that must be taken to prevent further spread in the environment and adverse effects. To date, different
treatment techniques have been developed for this aim. Among them, adsorption processes have
received much attention from researchers due to its cost-effectiveness, simplicity, and high efficiency [8].
The properties of materials that are used as adsorbents are key factors for adsorption efficiency [9].
In recent years, the development of adsorbents obtained from non-toxic, sustainable, and renewable
natural resources (e.g., biopolymers) has intensified [10].

Chitosan (Ct) is a suitable material in this area because of its non-toxicity, abundance, availability,
biodegradability, and ability to adsorb organic pollutants (including reactive dyes). This biopolymer is a
multifunctional cationic biodegradable polysaccharide produced by deacetylation of chitin. Because of
the presence of several functional groups (in particular, NH2 and OH) on the Ct backbone, this material
has a high potential affinity to dyes. However, low porosity, small surface area, scarce acid stability,
and limited adsorption capacity preclude its application at full-scale for wastewater treatment [11].
Also, raw Ct is available in powder form, thus it is not easy to separate from aqueous solutions after
the adsorption process. Its crystallinity and hydrophobicity are features that reduce the liquid-to-solid
mass transfer rate and induce column clogging and high pressure drops, thereby resulting in high
operation costs [12]. Modification of Ct is a feasible way to overcome these limitations and improve its
adsorption performance [13].

Among such modification methods, preparation of Ct-based hybrid adsorbents has received
significant attention and is considered as one of the most efficient ways to improve Ct properties.
The use of hybrid adsorbents is not only cost-effective, environmentally friendly, and safe, but also
can reduce shortcomings of constituent materials and consequently increase their value for practical
applications [14]. Hybridized adsorbents obtained from Ct and carbonaceous materials can fulfill these
criteria and, therefore, they have attracted the attention of researchers as potential materials for green
technology development. The combination of Ct and carbonaceous materials is an efficient method
to enhance its thermochemical and mechanical properties. Additionally, carbonaceous materials can
enhance functionality and pore properties of Ct and thus improve its adsorption capability [15]. It was
proved by Yadaei et al. [16] that Ct-activated carbon hybrid adsorbent possesses favorable strength
and porous structure. The development of hybrid adsorbents obtained from Ct and carbonaceous
materials has been reported in some studies [17,18]. Carbonaceous materials are extensively applied in
the purification of water as efficient adsorbents owing to their high functional group’s number, high
porosity, and large surface area [19]. Among them, powdered activated carbon (PAC) has been widely
used in water treatment to control odor, color, and taste because of its remarkable adsorption potentiality,
fast adsorption kinetic, availability, and low cost [20]. Despite such noteworthy characteristics, PAC
suffers from some critical drawbacks that limit its application: small particle size and powder form,
as well as difficulties in regeneration and separation from aqueous solutions [21].

The immobilization of PAC particles in some kind of matrix is one way to overcome the problems
mentioned above. Preparation of Ct-PAC hybrid adsorbent can combine the advantages of Ct and
PAC, showing strong adsorption capacity for different kinds of pollutants. This study combines PAC
with Ct in a bead shape, thus achieving its stabilization, prevention of carbon leaching, and improved
separability of the prepared adsorbent from the solution. However, the PAC would cover the surface of
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chitosan and occupy its active functional groups. It may negatively affect the dye removal efficiency of
the prepared hybrid adsorbent. Therefore, increasing the number of functional groups (mainly amino
groups) through chemical modification using different types of modification agents will improve the
adsorption properties of the prepared hybrid adsorbent. Impregnation with cationic surfactants is an
appropriate strategy leading to an increase in the functional groups and positive charge density of
the adsorbent.

The present study aims to further enhance the adsorption capability of the prepared Ct-PAC
hybrid beads using a cationic surfactant. Hexadecylamine (HDA) is a cationic surfactant possessing a
positively charged hydrophilic group (NH2) that can be applied to increase the number of amino groups
already present in Ct, as well as to augment the positive charge of the synthesized adsorbent [22].
Therefore, the main objectives of this study were the preparation of Ct-PAC hybrid beads, as well as
using HDA for increasing the functional groups and cationicity of the material for adsorption of reactive
dye from water. To the best of our knowledge, such modification has not been reported in the literature.
Thus, there is a necessity in understanding the behavior of this combination as an effective adsorbent
for improved reactive dye removal. In the present research, the anionic dye reactive black 5 (RB5) is
utilized as a model pollutant molecule to assess the adsorption performance of the prepared hybrid
adsorbent. The effect of preparation conditions (i.e., PAC and HDA concentration) and adsorption
parameters (i.e., pH of dye solution, adsorbent dosage, and contact time) on RB5 adsorption behavior is
investigated. Kinetic and isotherm studies also are conducted to reveal the adsorption behavior of RB5
onto the prepared adsorbent. Moreover, the regeneration of the Ct-PAC-HDA adsorbent is assessed.

2. Materials and Methods

2.1. Chemicals and Materials

Chitosan (medium-molecular-weight 75–85% deacetylation) and hexadecylamine (C16H35N, 98%)
were purchased from Sigma-Aldrich (Beijing, China). RB5, sodium hydroxide (NaOH), hydrochloric
acid (HCl) and acetic acid (CH3COOH) were all supplied by Beijing Chemical Works. A commercial
PAC was obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All chemicals in
the present study were analytical grade. The chemicals were used directly without further purification.

2.2. Preparation of Adsorbent

For the preparation of the Ct-PAC solution, Ct solution was mixed with PAC, as described
previously by Vakili et al. [10]. Briefly, Ct flakes (2 g) were dissolved into 100 mL acetic acid solution
(3% v/v) under continuous stirring (400 rpm) at room temperature (25 ◦C) for 5 h. Then, the desired
concentration of PAC (0.10, 0.2, 0.30, 0.40, and 0.50 g) was poured into the Ct solution and stirred for
3 h to study the effect of PAC concentration. Preparation of the HDA impregnated Ct-PAC beads
was conducted following the conditions reported by Vakili et al. [22]. Concisely, the desired amount
of HDA was mixed with the Ct-PAC solution at 400 rpm and 50 ◦C for 6 h. In the Ct-PAC solution,
the concentration of HDA was varied from 0.02 to 0.1 g. Then the prepared Ct-PAC-HDA solution
was poured dropwise into a 500 mL precipitation solution (NaOH, 2 M), followed by gentle stirring
overnight. For removing the residual NaOH, the prepared Ct-PAC-HDA beads were washed several
times using deionized water. Finally, all the beads were oven-dried at 60 ◦C for 12 h.

2.3. Characterization

For studying the functional groups of the prepared adsorbent, Fourier-transform infrared
spectroscopy (FTIR) spectra of the Ct-PAC-HDA beads were obtained at 500–4000 cm−1 using a
Thermo Nicolet NEXUS (Thermofisher, Waltham, MA, USA). The surface morphological features of
the adsorbent were assessed employing scanning electron microscopy (SEM) using a Phenom Prox,
Phenom-world, Holland.
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2.4. Adsorption and Desorption Experiments

Batch adsorption experiments were designed to study RB5 adsorption onto Ct-PAC-HDA beads.
A desired mass of the adsorbent was mixed with an RB5 solution (200 mL) in a 250 mL Erlenmeyer flask.
Then, the mixture was shaken using an orbital shaker at 150 rpm at room temperature (25 ◦C) for 24 h.
The optimum pH was determined by adding the prepared beads (20 mg) into 200 mL (50 mg/L) RB5
solution at different pH values ranging from 2 to 10. The solution pH was adjusted to the desired values
using NaOH (0.1 M) and HCl (0.1 M) solutions. The effect of adsorbent dosage on the removal of RB5
was studied in the RB5 concentration range between 10 and 50 g/L at 100 mg/L. All of the experiments
in this study were conducted in triplicate. For quantifying the residual RB5 concentration, after the
adsorption process, the spectrophotometric technique was applied using a UV–Vis spectrophotometer
(Hach DR 5000, Germany) at a wavelength of 597 nm. The adsorption capacity and removal efficiency
of the Ct-PAC-HDA beads were calculated using the following equations:

qe = ((C0 − Ce) × V) /W (1)

RE = (C0 − Ce/C0) × 100 (2)

qe = Adsorption capacity (mg/g)
RE = Removal efficiency (%)
C0 = Initial RB5 concentration (mg/L)
Ce = Equilibrium RB5 concentration (mg/L)
V = RB5 solution volume (L)
W = Adsorbent mass (g)

The effect of time and the adsorption rates of the dye were evaluated through adsorption kinetic
experiments, performed at an RB5 concentration of 200 mg/L. The obtained results were assessed based
on pseudo-first-order (PFO; Equation (3)) and pseudo-second-order (PSO; Equation (4)) kinetic models.

qt = qe (1 − e −kt) (3)

qt = (qe v0 t) / (qe + v0 t) (4)

qt = RB5 adsorption at time t (mg/g)
qe = RB5 adsorption at equilibrium (mg/g)
k = PFO rate constant (1/min)
v0 = PFO/PSO rate constant (g/mg/min)
t = time (min)

To assess the transmission of adsorbate from solution phase to the adsorbent phase at equilibrium
condition, adsorption isotherm experiments were performed at six RB5 concentrations (20, 40, 80, 120,
160 and 200 mg/L) at 25 ◦C and with contact time of 24 h. Two adsorption isotherms, i.e., the Langmuir
(Equation (5)) and Freundlich (Equation (6)), were applied to express the isotherm data.

qe = (qm Ce b) / (1 + b Ce) (5)

qe = KF Ce
(1⁄n) (6)

qt =Maximum adsorption capacity of the Ct-PAC-HDA beads (mg/g)
qm =Maximum adsorption capacity of the adsorbent (mg/g)
Ce = RB5 equilibrium concentration (mg/L)
B = Affinity of Ct-PAC-HDA beads towards RB5 (L/g)
KF = Freundlich constant (mg/g)
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N = Adsorption intensity

The reusability of the adsorbent was evaluated by mixing 30 mg of Ct-PAC-HDA beads with
200 mL of RB5 solution (100 mg/L) at pH 4 for 24 h. Afterward, saturated beads were separated and
regenerated using 0.1 M of NaOH solution. Then, the regenerated adsorbents were applied again
in the next adsorption experiment. The adsorption and desorption cycle was repeated until the RB5
adsorption capacity of the adsorbent dropped significantly, to study the regeneration performance of
the adsorbent.

3. Results and Discussion

3.1. Effects of the Reaction Conditions

Figure 1a presents the impact of PAC concentration on the adsorption of RB5 on Ct-PAC beads.
PAC had a positive effect on the RB5 adsorption performance of the Ct-PAC beads. Increasing the
amount of PAC into the Ct solution up to 0.20 g increased RB5 removal from a solution with RB5
concentration of 20 mg/L, to 78.91%. This enhancement could be caused by the increase in the beads’
surface area by the addition of PAC, which resulted in a broader availability of functional groups for
adsorption of RB5 molecules [23]. However, a further increase in PAC concentration (up to 0.40 g) led
to a decrease in the removal of RB5, to 67.29%. The presence of a high amount of PAC likely caused
the collapse of the structure and, consequently, a decrease of accessibility to functional groups in the
Ct-PAC beads [24]. Moreover, at higher PAC concentration (>0.40 g), the added dropwise Ct-PAC
solution into the precipitation solution could not solidify to form beads. This might be due to the low
entanglement rate and low polymerization of Ct in the Ct-PAC solution, caused by the existence of a
high amount of PAC in Ct solution [25].

Figure 1. Effect of (a) powdered activated carbon (PAC) and (b) hexadecylamine (HDA) concentrations
on the adsorption efficiency of reactive black 5 (RB5) onto the adsorbents (20 mg of beads, 200 mL of
20 mg/L of RB5, pH = 6, 25 ◦C, 24 h).

The effect of HDA concentration on the RB5 adsorption performance of the Ct-PAC-HDA beads
was investigated, and results are displayed in Figure 1b. As noticed, the RB5 removal efficiency of the
beads is initially enhanced by an increase in the amount of HDA (up to a concentration of 0.04 g). Then,
a significant adsorption capacity decrease, along with the rise in the HDA concentration, is observed.
Specifically, the optimal RB5 removal percentage was 91.32%. This phenomenon is likely due to the
increase in the number of amine groups, as well as the positive charge of the beads attributed to the
presence of HDA molecules. This led to a rise in the adsorbate–adsorbent electrostatic interactions and,
thus, the higher RB5 adsorption capacity of the beads [26]. However, at higher HDA concentrations
(>0.04 g), the decrease in the RB5 adsorption onto the Ct-PAC-HDA beads can be attributed to the
self-aggregation of HDA molecules, by forming micelles at high concentration. These micelles can
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block the pores on the beads and decrease the accessibility of functional groups to RB5 molecules
(Figure 1b) [22].

3.2. Adsorbent Characterization

Relevant surface functional groups on Ct-PAC beads (before and after impregnation) were verified
by FTIR analysis, and the spectral data are presented in Figure 2. In the Ct-PAC beads, the main
overlapping area of stretching vibrations of amine and hydroxyl groups appears as a strong and
broadband in the region of 3070–3800 cm−1. The smaller peak at 2913 cm−1 is attributed to the stretching
vibration of the CH2 groups [27]. Moreover, peaks at 1635, 1378, and 1012 cm−1 could be assigned to
amide II band, N–H bending, alcoholic C–O, and C–N stretching, respectively. Compared to Ct-PAC,
the FTIR spectrum of Ct-PAC-HDA presents wavenumber shift of several peaks, as well as changes
in intensity. After HDA impregnation, the peaks at 3266, 2913, 1635, 1373, 985 cm−1 were shifted to
higher frequencies: 3415, 2915, 1646, 1380, 1000 cm−1, respectively. These changes might be owed to
the overlap of stretching bands of amine and hydroxyl groups of HDA, CH, and PAC. These findings
suggest that Ct-PAC beads chemically adsorb HDA through interaction between the amine group of
the HDA molecule and the hydroxyl group on the Ct-PAC beads [22].

Figure 2. Fourier-transform infrared spectroscopy (FTIR) spectra of Ct-PAC and Ct-PAC-HDA beads.

The surface morphology of the prepared beads is shown in Figure 3. In both before and after
impregnation, the adsorbents display a heterogeneous and uniform surface, which is favorable for
adsorption of RB5. However, the Ct-PAC-HDA bead (Figure 3b) shows a more uneven, rough,
and heterogeneous surface than that of the Ct-PAC bead (Figure 3a). These properties could be
attributed to the presence of HDA in the structure of the Ct-PAC beads, which in the end may increase
the contact area, number/availability of functional groups, and adsorption capacity of the beads.

Figure 3. Scanning electron microscopy (SEM) images of (a) Ct-PAC and (b) Ct-PAC-HDA beads.
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3.3. RB5 Adsorption Experiments

3.3.1. Effect of Adsorbent Dosage on RB5 Removal

The impact of the quantity of Ct-PAC-HDA beads on the removal of RB5 was analyzed, and the
results are illustrated in Figure 4. The adsorption capacity increased from 105.78 mg/g to 140.9 mg/g
for an increase in the amount of Ct-PAC-HDA beads from 10 to 30 g/L. Obviously, at higher adsorbent
doses, increasing the surface area, as well as augmenting the number of accessible, functional groups,
leads to a higher RB5 adsorption rate [28]. However, a further increase in the adsorbent quantity
(>30 g/L) reduced the RB5 adsorption capacity of Ct-PAC-HDA beads. The reduction in adsorption
capacity could be due to the conglomeration and interaction of adsorbent particles resulting from a
high concentration of adsorbent. This phenomenon likely reduces the total surface area and increases
the diffusional path length, leading to the unsaturation of the functional groups through the adsorption
process [29,30]. Thus, based on the maximum dye removal efficiency and minimum adsorbent mass,
the amount of Ct-PAC-HDA beads was fixed at 30 g/L.

Figure 4. Effect of adsorbent dosage on the adsorption of RB5.

3.3.2. Effect of pH on RB5 Removal

The adsorption of an anionic dye onto a cationic adsorbent is generally governed by the number
of charged functional groups on the adsorbent surface, which is highly dependent on its environment’s
pH [31]. Therefore, the effect of the solution pH on the removal of RB5 using Ct-PAC-HDA was studied,
and the results are presented in Figure 5a. It was observed that RB5 adsorption of Ct-PAC-HDA beads
was significantly dependent on this parameter. RB5 adsorption was higher at acidic conditions, with
the maximum RB5 uptake (187.08 mg/g) obtained at pH = 4. Around this pH value, the presence
of appropriate quantities of protons (H+) induces protonation of amine groups on the Ct-PAC-HDA
beads (NH3

+) and changes the charge of the beads to markedly positive values [32]. On the other hand,
in the aqueous phase the sulfonic groups (–SO3H) in the RB5 molecules are converted to their anionic
form (i.e., sulfonate group, (–SO3

−)) because the first dissociation acidity constant of sulfonic groups
in reactive dyes is very low (pKa ≈ 2) [33]. These phenomena result in higher RB5 uptake due to the
enhanced electrostatic interactions between positively charged beads and negatively charged anionic
dye molecules (Figure 5b).

RB5–SO3H + H2O→ RB5–SO3
− (7)

Adsorbent–NH2 + H+→ Adsorbent–NH3
+ (8)

Adsorbent–NH3
+ + RB5–SO3

− → Adsorbent–NH3
+ –3SO–RB5 (9)

Nevertheless, at very low pH values (pH < 4), the uptake of RB5 decreased. This is attributed to
the protonation of higher amounts of amine groups, and thus inducing repulsion among Ct-PAC-HDA
components, and possibly dissolution of Ct because of glycosidic bond hydrolyzation [34]. Moreover,
at very acidic pH values, which are closer to –SO3H pKa, the sulfonic groups are shifted toward their
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protonated form, thus augmenting the positive charge of RB5 by conversion of anionic –SO3
− groups to

–SO3H. In the low-acidic/basic range (pH > 6), the Ct-PAC-HDA beads showed weak RB5 adsorption
capacity. At high pH values, massive deprotonation of the amine groups on the beads results in the
repulsion of anionic RB5 molecules [35].

Figure 5. (a) Effect of pH on the adsorption of RB5 using Ct-PAC-HDA beads (30 mg of beads, 200 mL
of 50 mg/L of RB5, 25 ◦C, 24 h) and (b) schematic diagram of the RB5 adsorption mechanism by
Ct-PAC-HDA beads.

3.3.3. Kinetic Study of RB5 Adsorption

For estimating the removal efficiency of an adsorbent, the equilibrium time for adsorption of
adsorbate is considered as one of the most critical parameters. Hence, the variation of RB5 adsorption
onto the Ct-PAC-HDA beads as a function of contact time was studied (Figure 6). Results revealed that
by increasing contact time, the adsorption capacity of the Ct-PAC-HDA beads increased and reached
the maximum level within 10 h. Afterward, prolongation of the contact time led to a reduction of
adsorption rate until it remained almost stable after 15 h (equilibrium time). The high RB5 removal
rate at an initial 240 min is likely owed to a large number of unoccupied/free functional groups on the
adsorbent surface. Then, gradual occupation and saturation of functional groups on the Ct-PAC-HDA
beads by RB5 molecules result in a decrease in the adsorption rate until the equilibrium is reached [36].
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Figure 6. Adsorption kinetics of RB5 onto Ct-PAC-HDA beads (30 mg of beads, 200 mL of 200 mg/L of
RB5, pH = 4, 25 ◦C, 24 h).

The obtained adsorption data were modeled in PFO and PSO kinetic models, and the calculated
parameters are presented in Table 1. By comparing the kinetic data, it is found that RB5 adsorption is
described better by the PSO kinetic model. The correlation coefficient (R2) and the Chi-square (χ2)
values of the PSO are higher and lower, respectively, than those of the PFO model. Furthermore,
the calculated adsorption capacity by the PSO model (260.12 mg/g) fits well with the experimental
adsorption capacity (256.01 mg/g). These results suggest that adsorption of RB5 onto the Ct-PAC-HDA
beads is mainly controlled by chemisorption [37].

Table 1. The constants obtained from the kinetic parameters for RB5 adsorption onto
Ct-PAC-HDA beads.

Kinetic parameters Values

Pseudo-first-order
C0 (mg/L) 200
qe (mg/g) 256.01

qcal (mg/g) 244.81 ± 5.939
k (1/min) 1.009 ± 0.0930

χ2 7.57
R2 0.968

Slope −0.366
Intercept 5.123

Pseudo-second-order
C0 (mg/L) 200
qe (mg/g) 256.01

qcal (mg/g) 260.13 ± 3.851
V0 (g/mg/min) 335.24 ± 18.29

χ2 1.26
R2 0.994

Slope 0.004
Intercept 0.003

3.3.4. Isotherm Study of RB5 Adsorption

For investigating suitable conditions for the optimized application of the prepared adsorbent,
as well as the study of the nature of RB5 adsorption on Ct-PAC-HDA beads, adsorption equilibrium
results were fitted by Langmuir and Freundlich isotherm models (Figure 7). Calculated model
parameters (Table 2) reveal that both isotherm models show a good fit with experimental data
(R2 > 0.99). However, the Freundlich model represents a better fit for the experimental results
(according to the higher R2 and lower χ2 estimated for the fitting of the Freundlich model, with respect
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to those of the Langmuir model). These findings suggest that the adsorption of RB5 onto the
Ct-PAC-HDA beads was controlled by multilayer adsorption, where the functional groups on the
external particle layers have a heterogeneous nature [38]. The calculated adsorption intensity (n = 1.3)
indicates a strong interaction between RB5 and Ct-PAC-HDA beads (i.e., a favorable adsorption
process) [39].

Figure 7. Adsorption isotherms of RB5 onto Ct-PAC-HDA beads (30 mg of beads, pH = 4, 25 ◦C, 24 h).

Table 2. The constants obtained from the isotherm parameters for adsorption of RB5 onto
Ct-PAC-HDA beads.

Isotherm parameters Values

Langmuir
qm(mg/g) 666.97 ± 38.14
b (l/mg) 327.82 ± 27.19

χ2 0.225
R2 0.997

Slope 0.002
Intercept 0.201

Freundlich
KF (mg/g) 4.48 ± 0.495

n 1.3 ± 0.038
χ2 0.074
R2 0.999

Slope 0.686
Intercept 2.279

Moreover, a comparison of the maximum Langmuir adsorption capacity value of the adsorbent
prepared in the present study with those of other adsorbing materials described in the literature
suggests that Ct-PAC-HDA has relatively high RB5 adsorption capacity (Table 3). The adsorption
capacity of Ct-PAC-HDA beads was found to be almost 1112 times higher than that achieved by using an
Eichhornia crassipes/chitosan composite [39]. It showed 585 times higher capacity than macadamia seed
husks [40] while performing 12 times better than the peanut hull [41]. The Ct-PAC-HDA outperformed
the dolomite [42], activated carbon F400 [43], and polyethyleneimine/sodium dodecyl sulphate [44] by
8.20, 3.37, and 1.61 times better removals, respectively. A 33.10% higher adsorption was observed with
the developed beads as compared to the pine-fruit shell activated carbon [28]. Thereby, Ct-PAC-HDA
beads might be an effective adsorbent for the elimination of reactive dyes from wastewaters with
satisfactory adsorption capacity.
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Table 3. Comparison of the maximum RB5 adsorption capacity of different adsorbents.

Adsorbent pH qm (mg/g) Ref.

Eichhornia crassipes/chitosan composite 3 0.60 [39]
Macadamia seed husks 3 1.14 [40]

Fly ash 7 7.18 [45]
Edible fungi activated carbon 2 19.6 [46]

Peanut hull 6.4 55.55 [41]
Pine-fruit shell 2 74.6 [28]

Dolomite 6.9 80.9 [42]
Bone char 5.2 160.0 [43]

Activated carbon F400 5.2 197.5 [43]
Chitosan/polyamide nanofibers 1 198.60 [47]

Polyacrylamide/silica nanoporous composite 2 389.58 [27]
Polyethyleneimine/sodium dodecyl sulphate 4 413.23 [44]

Bamboo activated carbon 5.2 441.7 [37]
Pine-fruit shell activated carbon 6 446.2 [28]

Ct-PAC-HDA beads 4 666.97 Present study

3.4. Desorption and Reuse of Spent Ct-PAC-HDA Beads

Reuse evaluation of adsorbent is very fundamental for potential full-scale application because it
permits the assessment of the adsorbent capability to recover after a cycle of utilization (i.e., adsorption–
desorption). The regeneration minimizes the need for new absorbents, recovers resources, reduces the
secondary waste, and decreases the process costs [48]. For assessing the reusability of the Ct-PAC-HDA
beads, regeneration experiments were performed by repeating several adsorption–desorption cycles.
According to Vakili et al. [49], the regeneration of chitosan-based adsorbents saturated with reactive
dyes was successfully conducted by NaOH solution; therefore, it was selected as an eluent for the
regeneration of RB5 loaded Ct-PAC-HDA beads. As can be seen in Figure 8, during the first five
subsequent regeneration cycles, the RB5 adsorption capacity showed only a 6% loss. Such a reduction
is possibly due to incomplete desorption of RB5 molecules. Afterward, adsorption capacity dropped
to 46.59 at the tenth cycle (75% loss), which might be attributed to the saturation of functional groups
on adsorbent [50].

Figure 8. Effect of regeneration cycles on the RB5 adsorption capacity of Ct-PAC-HDA beads.

4. Conclusions

Ct-PAC-HDA beads were successfully prepared for the elimination of RB5 from aqueous solutions.
The maximum enhancement in the adsorption performance of adsorbent was achieved using 0.04 g
HDA and 0.2 g PAC. The removal of RB5 increased with decreasing pH. The isotherm and kinetic
study concluded that the adsorption data fitted better to the Freundlich and PSO models than the
Langmuir and PFO models. The results suggested that the adsorption of RB5 onto the Ct-PAC-HDA
beads was a chemisorption process that occurred on multilayer heterogeneous surfaces. The maximum
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RB5 adsorption capacity of Ct-PAC-HDA beads (666.97 mg/g) was obtained with 30 g/L of adsorbent,
at acidic condition (pH 4), 30 g/L of adsorbent mass, and during 10 h (equilibrium time). Moreover,
regeneration experiments demonstrated that the prepared beads have good reusability and can be
regenerated at least 5 cycles without significant adsorption capacity loss. Generally, the results revealed
the great potential of Ct-PAC-HDA as a promising adsorbent for the elimination of reactive dyes.
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Abstract: Although the anaerobic ammonium oxidation (anammox) process has attracted attention
regarding its application in ammonia wastewater treatment based on its efficiency, the physiological
characteristics of anammox bacteria remain unclear because of the lack of pure-culture representatives.
The coexistence of heterotrophic bacteria has often been observed in anammox reactors, even in those
fed with synthetic inorganic nutrient medium. In this study, we recovered 37 draft genome bins from
a long-term-operated anammox column reactor and predicted the metabolic pathway of coexisting
bacteria, especially Patescibacteria (also known as Candidate phyla radiation). Genes related to the
nitrogen cycle were not detected in Patescibacterial bins, whereas nitrite, nitrate, and nitrous oxide-
related genes were identified in most of the other bacteria. The pathway predicted for Patescibacteria
suggests the lack of nitrogen marker genes and its ability to utilize poly-N-acetylglucosamine
produced by dominant anammox bacteria. Coexisting Patescibacteria may play an ecological role in
providing lactate and formate to other coexisting bacteria, supporting growth in the anammox reactor.
Patescibacteria-centric coexisting bacteria, which produce anammox substrates and scavenge organic
compounds produced within the anammox reactor, might be essential for the anammox ecosystem.

Keywords: anaerobic ammonium oxidation (anammox); Patescibacteria; Candidate phyla radiation;
Candidatus Brocadia sinica; Candidatus Jettenia caeni; metagenomic analysis; biological nitrogen
removal; wastewater treatment

1. Introduction

Anaerobic ammonium oxidation (anammox) is a microbial process in which, under
anoxic conditions, ammonia is directly oxidized to nitrogen gas with nitrite as the electron
acceptor. The anammox process is mediated by a member of the phylum Planctomycetes [1].
Six anammox bacteria candidate genera have been proposed: Candidatus Brocadia, Candi-
datus Kuenenia, Candidatus Anammoxoglobus, Candidatus Jettenia, Candidatus Scalindua,
and Candidatus Anammoximicrobium [2,3]. Although the physiological characteristics of
several genera have been investigated [4–7], detailed physiologies remain unknown due to
the lack of pure cultures [5].

Recently, most of the candidate phyla were renamed, and superphyla predicted
by single-cell genomics [8] and metagenomics [9,10] were proposed. The superphylum
Patescibacteria [8] has been proposed, which is also referred to as Candidate phyla radiation
(CPR) [10]. The superphylum Patescibacteria has been found in various environments, such
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as ground water sediment, lakes, and activated sludge [9,11]. The superphylum Patescibac-
teria has also been found in anammox enrichment cultures fed with ammonia as the
sole energy source and lacking an external organic carbon supply [12,13]. Speth et al. [12]
reported that candidate phyla OP11 (Microgenomates) and WS6 (Dojkabacteria) supported fer-
mentative lifestyles, and that candidate phylum OD1 (Parcubacteria) could have a parasitic
relationship with Bacteroidetes in full-scale partial-nitritation/anammox reactors. However,
previous studies were mostly focused on the nitrogen cycle in anammox granules; thus,
the details of the carbon metabolism of Patescibacteria in anammox granules are still largely
unknown.

The purpose of the present study was to predict the carbon metabolism of Patescibac-
teria in a freshwater anammox enrichment culture and to investigate the possibility of a
cometabolic relationship between anammox bacteria and coexisting heterotrophic bacteria,
especially Patescibacteria. The anammox culture used in this study was operated for more
than 15 years, fed with ammonia as the sole energy source, and lacked an external organic
carbon supply [14]; this is a model system used to elucidate cometabolism. In this study,
we used metagenomic deep-sequencing analysis to assemble low-abundance members
in an anammox enrichment culture, such as Patescibacteria. The results of this study pro-
vide insights into ecophysiological interactions and substrate/metabolite exchanges in the
autotrophic anammox community.

2. Materials and Methods

2.1. Reactor Operation and Sampling

Freshwater anammox bacteria-dominated Candidatus Brocadia sinica was enriched
using activated sludge and cultured in an up-flow column reactor for 15 years. The
reactor volume was 300 or 900 mL. The temperature was maintained at 37 ◦C. The hy-
draulic retention time was set to 2.5 h. A typical freshwater anammox medium [15] was
used: 3.6–5.7 mM NH4

+, 4.3–7.1 mM NO2
−, 1000 mg L−1 KHCO3, 27 mg L−1 KH2PO4,

300 mg L−1 MgSO4·7H2O, 180 mg L−1 CaCl2·2H2O, and trace element solutions. The con-
centrations of NH4

+, NO2
−, and NO3

− were determined following a previous report [16].
Three biomass samples were collected from the column reactor 4989, 5054, and 5073 days
(Figure 1) after the start of operation (Figure S1).

Figure 1. Nitrogen removal performance of the up-flow column reactor. Filled and open circles
represent the nitrogen loading and removal rate, respectively. Biomass samples were collected on
days 4989, 5054, and 5073.

2.2. DNA Extraction and DNA Sequencing

DNA was extracted using the FastDNA SPIN Kit for Soil (MP Biomedicals, Irvine, CA,
USA). The extracted DNA was quantified using a Qubit 2.0 fluorometer (Thermo Fisher
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Scientific, Waltham, MA, USA). Three Illumina sequencing libraries were prepared for
the three samples using the TruSeq DNA PCR Free (350) kit (Illumina, San Diego, CA,
USA) and paired-end-sequenced (2 × 151 bp) using shotgun sequencing on a HiSeq X
instrument (Illumina, USA). A PacBio sequencing library was prepared for the sample
collected on day 5054 using the SMRTbell Express Template Prep Kit (Pacific Biosciences
of California Inc., Menlo Park, CA, USA) after the DNA was purified with Agencourt
AMPure XP magnetic beads (Beckman Coulter Life Sciences, Danvers, MA, USA) and
sequenced on a PacBio Sequel instrument (Pacific Biosciences of California, Inc., USA). A
circular consensus sequence (CCS) read was generated from the Sequel data with a Phred
quality score above 20 (Q20, 99%).

2.3. Bioinformatics

Raw paired-end reads from HiSeq X were trimmed using Trimmomatic v0.39 [17].
The trimmed reads from HiSeq X and CCS reads from PacBio Sequel were co-assembled
with SPAdes v3.13.1 [18]. In the assembly, the draft genomes of Candidatus Brocadia sinica
(GCA_000949635.1) and Candidatus Jettenia caeni (GCA_000296795.1) were used as the
references (as—trusted-contigs option) because the presence of these anammox bacteria
in enrichment cultures was confirmed in previous studies [4,14]. The assemblies were
binned using MaxBin2 v2.2.7 [19]. The relative abundance output from MaxBin2 was also
used as the abundance of each bin. The completeness and contamination of the bins were
assessed using CheckM v1.1.2 [20]. For the Patescibacterial bins, the CPR marker set was
used for CheckM [10]. Contamination was manually removed from the contig. Bins with
high contamination (>7%) were not used for further analysis. The bins were annotated
using PROKKA v1.13 [21]. Predicted amino acid sequences were annotated using KEGG
BlastKOALA (KEGG Orthology and Links Annotation) [22]. The metabolic pathways
obtained by the BlastKOALA annotation were visualized using KEGG (Kyoto Encyclopedia
of Genes and Genomes)-Decoder v1.2 [23]. The taxonomy of each bin was estimated using
a BLAST search [24]. A genome tree was constructed using PhyloPhlAn v2.0.3 [25]. The
sequence data were deposited in the DDBJ database under the DDBJ/EMBL/GenBank
accession number DRA011208.

3. Results and Discussion

3.1. Anammox Reactor Operation

The up-flow column reactor with the freshwater anammox medium was operated for
more than 5000 d using varying nitrogen loading rates and reactor volumes (Figure S1).
During the sampling period, the average nitrogen loading and removal rates were 3.1 and
2.5 g N L−1 d−1, respectively (Figure 1). The average NH4

+ and NO2
− removal efficiencies

were 90.5% and 93.7%, respectively. The average stoichiometric ratios of consumed NO2
−

to consumed NH4
+ and produced NO3

− to consumed NH4
+ were 1.45 ± 0.18 (standard

deviation) and 0.27 ± 0.05, respectively. These values were similar to previously reported
ratios of 1:1 and 32:0.26 [7], respectively, indicating a stable reactor operation (stable
anammox process) during the sampling period.

3.2. Genome Construction and Basic Information on Bins

In total, 0.76 billion reads were produced by metagenomic sequencing of the three
samples (Table S1). After quality trimming and filtering, 0.40 billion high-quality reads
(>Q20) were obtained and used for metagenomic analysis. Differences in the guanine-
cytosine (GC)-contents of HiSeq X reads indicate that the composition of the microbial
community of each sample differed. The combined metagenome assembly generated
5780 contigs (167.2 Mbp contigs), with an N50 value of 169,060 bp. The longest contig
length was 1,758,248 bp. In total, 2460 contigs above 1000 bp were extracted from the
5780 contigs and used for binning. The reconstructed contigs were classified into 42 bins.
Five of the 42 bins were excluded due to high contamination (>7%; Table 1). Two anam-
mox bacteria, Candidatus Brocadia sinica and Candidatus Jettenia caeni, were detected. In
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addition, Chloroflexi (9 bins), Ignavibacteriae (2 bins), Planctomycetes (3 bins), Proteobacteria
(11 bins), Armatimonadetes (1 bin), Bacteroidetes (2 bins), Actinobacteria (1 bin), and Patescibac-
teria (6 bins) were detected. Most of the detected bins were comparable to those reported
in a previous study [26]. However, in addition, six bins belonging to the superphylum
Patescibacteria were detected. In the present study, we focused on the metabolic analysis
of Patescibacteria. A phylogenetic tree of the 37 bins based on protein sequences is shown
in Figure 2.

Table 1. Characteristics of the bins obtained in this study.

Bin ID Taxonomy Complete-
ness

Contamination
Bin Size
(Mbp)

Number of
Contigs

Relative Abundance (%)

Day 4989 Day 5054 Day 5073

BroJett025
Patescibacteria,

Candidatus
Pacebacteria

97.67 * 0 * 1.17 1 0.2 0.3 0.2

BroJett032
Patescibacteria,

Candidatus
Pacebacteria

100 * 0 * 1.18 5 0.1 0.2 0.1

BroJett037
Patescibacteria,

Candidate division
WS6

95.35 * 0 * 1.18 3 0.1 0.1 0.1

BroJett019
Patescibacteria,

Candidate division
WS6

95.35 * 0* 1.06 5 0.3 0.5 0.5

BroJett008 Patescibacteria 97.67* 2.33 * 0.57 8 2.0 0.1 0.0

BroJett034 Patescibacteria,
Berkelbacteria 93.02 * 0 * 0.68 2 0.1 0.1 0.2

BroJett039 Chloroflexi 23.2 0 1.71 48 0.1 0.0 0.1
BroJett021 Chloroflexi 90.91 0.91 6.39 43 0.3 0.2 0.1
BroJett001 Chloroflexi 93.64 3.09 3.71 153 23.8 8.1 7.1
BroJett015 Chloroflexi 75.64 3.82 5.45 63 0.6 0.7 0.2
BroJett018 Chloroflexi 91.82 0.91 6.27 45 0.4 0.4 0.1
BroJett007 Chloroflexi 98.18 0 4.26 35 5.3 2.0 1.5
BroJett038 Chloroflexi 77.27 0.91 4.12 49 0.1 0.1 0.1
BroJett033 Chloroflexi 28.8 0 1.12 41 0.1 0.0 0.0
BroJett011 Chloroflexi 84.85 3.64 9.27 84 1.1 0.4 0.2
BroJett009 Armatimonadetes 91.76 0 2.69 23 1.4 0.4 0.4
BroJett022 Actinobacteria 96.98 0 2.70 5 0.3 0.2 0.0
BroJett024 Alphaproteobacteria 87.29 6.96 4.67 34 0.2 0.1 0.0
BroJett030 Alphaproteobacteria 87.95 1.2 3.49 37 0.1 0.1 0.0
BroJett013 Alphaproteobacteria 95.02 0.6 3.78 19 0.9 0.3 0.0
BroJett029 Alphaproteobacteria 75.86 6.03 4.62 51 0.2 0.1 0.0
BroJett010 Gammaproteobacteria 90.31 1.5 2.94 10 1.3 0.5 0.5
BroJett026 Betaproteobacteria 87.56 2.68 4.49 28 0.2 0.1 0.0
BroJett012 Betaproteobacteria 91.11 0.52 3.22 101 1.0 2.6 5.5
BroJett006 Betaproteobacteria 95.56 0.45 3.30 135 5.8 17.7 10.7
BroJett031 Betaproteobacteria 88.27 0.62 4.03 13 0.1 0.1 0.0
BroJett040 Oligoflexia 92.86 0 2.76 21 0.0 0.1 0.1
BroJett028 Deltaproteobacteria 75.91 5.38 8.63 98 0.2 0.2 0.0
BroJett017 Ignavibacteriae 94.97 0 3.60 22 0.5 0.1 0.1
BroJett005 Ignavibacteriae 96.65 0.56 3.85 120 9.9 3.7 3.2
BroJett020 Bacteroidetes 89.25 0 2.70 21 0.3 0.2 0.5
BroJett042 Bacteroidetes 93.99 0 3.74 27 0.0 0.0 0.2
BroJett014 Planctomycetes 81.82 4.55 4.02 32 0.9 1.0 0.6

BroJett041 Planctomycetes
(Jettenia) 84.62 1.1 3.02 23 0.0 0.2 0.1

BroJett002 Planctomycetes
(Brocadia) 97.8 1.65 4.10 23 14.6 39.0 58.5

BroJett003 Planctomycetes 95.01 2.94 3.92 437 13.1 18.0 7.6
BroJett004 Planctomycetes 97.66 0 3.22 20 13.0 1.8 1.0

* Calculated with the CPR marker set.
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Figure 2. Phylogenetic tree of bins and related genomes. The bins found in this study are shown in bold. BroJett033 and
BroJett039 had low completeness and are represented in a bold black font.
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3.3. Relative Abundance

The relative abundance of each bin of the three samples was estimated from the
coverage calculated using MaxBin2 (Table 1). After five bins were excluded due to high
contamination, the samples collected on days 4989, 5054, and 5073 accounted for 98.6%,
99.7%, and 99.5% of the relative abundance, respectively. Candidatus Brocadia sinica (Bin ID:
BroJett002) was the most dominant bacterium, except for the sample collected on day 4989.
BroJett001, which belongs to Chloroflexi, was the most dominant bin of the latter sample.
The relative abundance of Candidatus Brocadia sinica increased with increasing reactor
operation. In addition, the anammox bacterium Candidatus Jettenia caeni (BroJett041) was
detected in all samples, but its relative abundance was 0.01–0.2%. Patescibacteria (BroJett008),
Chloroflexi (BroJett001 and BroJett007), Armatimonadetes (BroJett009), Gammaproteobacteria
(BroJett010), Betaproteobacteria (BroJett006 and BroJett012), and Planctomycetes (BroJett002,
BroJett003, BroJett004, and BroJett014) accounted for more than 1% of the relative abun-
dance of the three samples. The relative abundance of Patescibacteria, except for BroJett008,
was lower (0.1–0.5%).

3.4. Nitrogen Cycle

To understand the contribution of bacteria to the nitrogen cycle in the anammox reactor,
we focused on the following reconstructed nitrogen maker genes: ammonia oxidation
(amoA and amoBC), hydroxylamine oxidation (hao), nitrite oxidation (nxrAB), dissimilatory
nitrate reduction (narGH and/or napAB), dissimilatory nitrate reduction to ammonium
(DNRA; nirBD and/or nrfAH), nitrite reduction (nirK or nirS), nitric oxide reduction (norBC),
nitrous oxide reduction (nosZ), nitrogen fixation (nifKDH), hydrazine dehydrogenase
(hdh), and hydrazine synthase (hzs; Figure 3). The dominant anammox bacterial bin
BroJett002 (Candidatus Brocadia sinica) and the minor anammox bacterial bin BroJett041
(Candidatus Jettenia caeni) contained key genes for nitrite reduction, hydrazine synthesis,
and hydrazine dehydrogenation. However, bin BroJett002 lacked nitrite reduction genes
(nirS or nirK), as previously reported [26,27]. Bins BroJett020 and BroJett029 contained
genes for the complete denitrification of nitrate to dinitrogen gas. Lau et al. [28] reported
that Owenweeksia hongkongensis, which is closely related to bin BroJett020 based on the 16S
rRNA gene, cannot reduce nitrate. In contrast, Ali et al. [26] reported that the metagenome
assembly BCD5 has key enzymes for denitrification, such as nar, nir, and noz. In addition,
Dongia mobilis and Oceanibaculum indicum, closely related to bin BroJett029, can reduce
nitrate [29,30]. Most of the bins, except for Patescibacterial bins, contained genes related
to nitrate reduction and DNRA (Figure 3), and their contribution was relatively high
(Figure 4). The production of NH4

+ and NO2
− in the anammox reactor plays an important

role in supporting the anammox process. Anammox bacteria are well known to lack the
N2O production pathway [31]. Although bins BroJett010 and BroJett038 can produce N2O
and lack N2O reduction genes, indicating the release of N2O outside the up-flow column
reactor, most of the bins can reduce N2O to N2 gas, except for Patescibacteria. The emission
of N2O from the up-flow column reactor must be investigated. Interestingly, no genes
related to the nitrogen cycle were detected in bins classified as Patescibacteria.
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Figure 3. Presence/absence of nitrogen marker genes annotated using KEGG (Kyoto Encyclopedia of Genes and Genomes)
and Blastp. The numbers in square brackets on the horizontal axis represent the following genes: [1] ammonia oxidation
(amoA and amoBC, pmmo), [2] hydroxylamine oxidation (hao), [3] nitrite oxidation (nxrAB), [4] dissimilatory nitrate
reduction (narGH and/or napAB), [5] DNRA (nirBD and/or nrfAH), [6] nitrite reduction (nirK or nirS), [7] nitric oxide
reduction (norBC), [8] nitrous oxide reduction (nosZ), [9] nitrogen fixation (nifKDH), [10] hydrazine dehydrogenase (hdh),
and hydrazine synthase (hzs). The colored lines next to the bins correspond to the phyla shown in Figure 2. The text
colors of BroJett041 and BroJett002 correspond to Figure 4 and represent Candidatus Jettenia caeni and Candidatus Brocadia
sinica, respectively.
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Figure 4. Nitrogen cycle in the reactor. Red and blue arrows represent the anammox processes
of Candidatus Brocadia sinica and Candidatus Jettenia caeni, respectively. Black arrows represent
reactions involved in the nitrogen cycle other than the anammox process. The number of each reaction
corresponds to those shown in Figure 3, and represents the following genes: [2] hydroxylamine
oxidation (hao), [3] nitrite oxidation (nxrAB), [4] dissimilatory nitrate reduction (narGH and/or
napAB), [5] DNRA (nirBD and/or nrfAH), [6] nitrite reduction (nirK or nirS), [7] nitric oxide reduction
(norBC), [8] nitrous oxide reduction (nosZ), [10] hydrazine dehydrogenase (hdh), and hydrazine
synthase (hzs). The width of each arrow reflects the total abundance of the bins, except for Candidatus
Brocadia sinica because its abundance was too high.

3.5. Genomic Features of Patescibacteria Bins

We successfully recovered six draft genome bins of Patescibacteria from a long-term-
operated freshwater anammox column reactor (BroJett008, 019, 025, 032, 034, and 037). The
taxonomic assignments of these metagenomic bins were classified as Pacebacteria (BroJett025
and 032), Dojkabacteria (BroJett019 and 037), Patescibacteria (BroJett008), and Berkelbacteria
(BroJett034), based on 400 conserved protein sequences (Figure 2). The genome size and the
GC-content ranged from 0.57 to 1.18 Mb and from 34.3% to 48.8%, respectively, with high
completeness values of 93.0% and 100%, respectively, estimated using the CheckM software
package based on the 43 CPR marker genes set [10] (Table 1). Although the incomplete
Patescibacterial genomes could not conclude their whole metabolic capacities, most of the
gene sets for major biosynthesis pathways, such as the tricarboxylic acid cycle, gluconeoge-
nesis, and prerequisite electron carriers, were lacking (Figure S2). In addition, there was a
lack of genomes of de novo amino acid biosynthesis pathways, except for partial biosyn-
thesis genes for serine/glycine (BroJett008, 025, 032, 034, and 037), threonine/asparagine
(BroJett037), glutamine (BroJett025), and aspartate/glutamate (BroJett032 and BroJett019;
Figure S2). Similarly, there were no genes relevant to the nitrogen and sulfur cycles, sug-
gesting that these Patescibacteria acquire essential nutrients from other microorganisms with
symbiotic lifestyles for their growth in the reactor, which is similar to the results obtained
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in previous studies [32]. In contrast, a recent cell–cell association analysis based on a single
amplified genome of 4829 individual cells of prokaryotes collected from subsurface field
samples revealed that most of the Patescibacteria populations in the studied subsurface
environments may not form specific physical associations with other microorganisms [33].
Instead, it was speculated that the Patescibacteria may rely solely on fermentation for energy
conservation. In our anammox reactor, fermentative pathways for lactate (L-lactate dehy-
drogenase: BroJett025, 032, and 037) and formate (formate C-acetyltransferase: BroJett025)
were found in Patescibacteria metagenomic bins. This suggests that Patescibacteria provide
these fermentative by-products to bins 4 and 15, which possess lactate dehydrogenase [34]
and formate dehydrogenase [35], respectively (Figure 5 and Figure S2). Although the
cometabolism of these bacteria must be further studied, Patescibacteria may support their
growth in the reactor. With respect to other possible features of the carbon cycle in the anam-
mox reactor, we identified chitinase (BroJett037), diacetylchitobiose deacetylase (BroJett019
and BroJett032), and beta-N-acetylhexosaminidase (BroJett025 and BroJett032). Based on
the function of the abovementioned chitin degradation-related genes, we speculate that
chitin is converted to N-acetylglucosamine via chitobiose, N-acetylglucosamine hydrolyzes
to acetate via diacetylchitobiose deacetylase [36], and acetate could be a useful carbon
source for other microorganisms in the anammox reactor. Generally, chitin is a compo-
nent of eukaryotic cells, such as protozoa, fungi, insects, crustaceans, and arthropods [37].
In prokaryotes, several bacteria can produce poly-N-acetylglucosamine (PGA), which is
known as chitin-like polysaccharide, for biofilm formation [38]. Interestingly, metagenomic
bins associated with Candidatus Brocadia (BroJett002), Candidatus Jettenia (BroJett041),
and Ignavibacteria (BroJett005) encode poly-beta-1,6 N-acetyl-D-glucosamine synthase
(PgaC), which is key for the biosynthesis of PGA (Table S2). This enzyme catalyzes the
polymerization of uridine diphosphate-N-acetylglucosamine, which is synthesized from
beta-D-fructose 6-phosphate generated during glycolysis, to produce PGA. In addition, an
anammox bacterial bin of Candidatus Brocadia (BroJett002) possesses putative poly-beta-1,6
N-acetyl-D-glucosamine export porin (PgaA) and poly-beta-1,6-N-acetyl-D-glucosamine
N-deacetylase (PgaB). Similar PgaABC proteins were also found in the Candidatus Brocadia
sinica JPN1 genome. These observations imply that major microbial constituents of the
reactor, including anammox bacteria, may produce PGA and that some Patescibacteria
populations may utilize parts of the PGA (e.g., N-acetylglucosamine) for their growth.
On the other hand, there were no genes of the biofilm PGA synthesis protein (PgaD) in
the investigated anammox bacterial bins, which is necessary for the formation of PGA
that functions as a helper protein of PgaC [38,39]. Therefore, further gene expression
studies and identification of PGA materials are required for the confirmation of actual PGA
production from anammox bacteria in the reactor. The utilization of organic compounds
by coexisting heterotrophic bacteria has also been reported for autotrophic nitrifying
biofilms, which are fed with ammonia as the sole energy source [40]. Moreover, we newly
discovered that Pacebacteria and unclassified Patescibacteria, other than Dojkabacteria and
Microgenomates [12], may support fermentative lifestyles in the anammox granule. Overall,
Patescibacteria populations in the anammox reactor may play ecological roles, such as in
short-chain fatty acid production and the degradation of chitin-related compounds, and
they may survive depending on the PGA production by major anammox bacteria based on
metagenomic information.
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Figure 5. Putative carbon metabolic interactions among Patescibacteria and predominant bacteria. The numbers on the
bacterial cells indicate the bin IDs shown in Table 1. PTS: Patescibacteria, IGN: Ignavibacteriae, Bro: Candidatus Brocadia, Jett:
Candidatus Jettenia, CHL: Chloroflexi, ARM: Armatimonadetes, ARP: Alphaproteobacteria, BET: Betaproteobacteria, PLA: Plancto-
mycetes, MYX: Myxococcales. Solid arrows indicate the degradation and metabolic flows of poly-N-acetylglucosamine/chitin-
related compounds. Dashed arrows indicate the by-products from fermentation and poly-N-acetylglucosamine degradation.
Curved solid arrows indicate metabolic reactions via formate or lactate dehydrogenases.

4. Conclusions

Six draft genome bins of Patescibacteria were recovered from freshwater anammox
column reactors operated for more than 15 years and fed with an inorganic and synthetic
nutrient medium by metagenomic deep-sequencing analysis. The metabolic capacities pre-
dicted for the six Patescibacterial bins with high completeness suggest that Patescibacteria
can utilize chitin-related compounds and produce fermentation by-products of lactate and
formate in the anammox reactor. The phylogenetically and metabolically diverse Patescibac-
teria as well as other coexisting heterotrophic bacteria ensure the effective utilization of
chitin-related compounds produced by anammox bacteria, which may create a stable anam-
mox ecosystem without other by-products. Further studies involving metatranscriptomics
and metabolomics may help to elucidate the in situ ecological functions of Patescibacteria
and the biological interactions with anammox bacteria in the reactor.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-444
1/13/2/208/s1, Figure S1: Nitrogen loading and removal rates of the up-flow column anammox
bioreactor enriched using activated sludge, Figure S2: Heat map showing the metabolic function of
each bin based on KEGG and Blastp, Table S1: Summary of metagenomic data used in this study,
Table S2: Summary of genes related to the Poly-beta-1,6-N-acetyl-D-glucosamine synthase production
in bins.
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Abstract: Chromium (Cr) in water bodies is considered as a major environmental issue around the
world. In the present study, aqueous Cr(VI) adsorption onto rice husk was studied as a function
of various environmental parameters. Equilibrium time was achieved in 2 h and maximum Cr(VI)
adsorption was 78.6% at pH 5.2 and 120 mg L−1 initial Cr(VI) concentration. In isotherm experiments,
the maximum sorption was observed as 379.63 mg g−1. Among four isotherm models, Dubinin–
Radushkevich and Langmuir models showed the best fitting to the adsorption data, suggesting
physical and monolayer adsorption to be the dominant mechanism. The kinetic modeling showed
that a pseudo-second order model was suitable to describe kinetic equilibrium data, suggesting a
fast adsorption rate of Cr(VI). The results of FTIR spectroscopy indicated that mainly –OH and C–H
contributed to Cr(VI) adsorption onto rice husk. This paper provided evidence that rice husk could
be a cost-effective, environment-friendly and efficient adsorptive material for Cr(VI) removal from
wastewater due to its high adsorption capacity.

Keywords: chromium; functional groups; isotherm; rice husk

1. Introduction

Aquatic systems have been contaminated by the addition of heavy metals over the
past few decades. Major heavy metals of concern in water bodies are zinc (Zn), chromium
(Cr), lead (Pb), silver (Ag), nickel (Ni) and copper (Cu) [1]. Industrial sources, combustion
by-products, smelters and foundries, automobiles and the paint industry are major sources
of heavy metals contamination in aqueous systems. In the natural environment, the release
of toxic heavy metals, for example, irrigation of agricultural land with sewage, allows
non-biodegradable and persistent heavy metals to enter into the food chain [2,3].

Contamination of water with Cr, specifically hexavalent Cr (Cr(VI)), is a major problem
for the environment and humans, considering its toxicity and disease-causing effects.
Chromium occurs as ores and in various compound forms in the earth’s crust. The sources
of Cr contamination of water bodies include the disposal of industrial effluents from leather
tanning, electroplating, metal finishing, pigments, dyes, paints and ceramics industries [2,4].
Chromium exists in two stable oxidation forms in the natural environment: Cr(VI) and
trivalent Cr (Cr(III)). Cr(III) is less toxic and can be used as a micronutrient for the human
body [5]. In contrast, Cr(VI) is an extremely stable, mobile and toxic species with relatively
higher solubility in water than Cr(III). The toxicity of Cr(VI) is about 500 times higher
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as compared to Cr(III), thus Cr(VI) has been classified as Class-I human carcinogen [6].
According to the USEPA, 0.05 mg L−1 is the maximum contamination level (MCL) of Cr(VI)
in domestic water supplies [5]. Therefore, high Cr(VI) concentrations in water should be
decreased below the MCL before discharging.

Various techniques, such as precipitation, solvent extraction, flotation, evaporation,
reverse osmosis and ion exchange, have been introduced to deal with Cr(VI) originating
from industrial effluents and wastewater [7,8]. However, these conventional methods
have proved to be expensive and impractical due to higher capital cost and energy require-
ment [9–11]. In the recent past, adsorption has emerged as an inexpensive and efficient
method for the removal of Cr(VI) from contaminated water. In previous studies differ-
ent commercial adsorbents and agricultural residues, such as tea waste, turmeric waste,
Jatropha curcus, citrus peel, water melon peel, coconut husk, wheat straw and bamboo,
etc., were used as adsorbents for the removal of Cr(VI) and other heavy metals from
contaminated water [12–14].

In Asia, including Pakistan, rice-producing countries are producing rice husk as an
agricultural waste material. Approximately 500 million metric tons is the annual rice
production worldwide, of which 10%–20% is rice husk [15]. About 70%–85% organic
matter exists in rice husk, which contains sugars, cellulose and lignin, etc., while silica
is also present in the cellular membrane [16]. Rice husk could be a good material for the
removal of Cr(VI) from contaminated water because different surface functional groups,
including hydroxyl and carboxyl groups, are present on the surface of rice husk [17,18].
Although literature is available in which rice husk was used for the removal of aqueous
Cr(VI), more work is required to reveal the optimum environmental conditions, such as
a relatively higher pH (close to natural water) for maximum efficiency. Moreover, to our
knowledge, in Pakistan limited/no data exists in which rice husk was used as an adsorbent
for Cr(VI) removal from wastewater, particularly in the presence of co-occurring ions such
as sulfate, phosphate and nitrate. Thus, the potential aim of this study was the elimination
of Cr(VI) from contaminated water by applying rice husk as an adsorbent. The effect of
various environmental parameters, such as pH, sorbent dose, initial metal concentration,
contact time and co-occurring ions, was studied. Finally, the mechanism involved in the
adsorption of Cr(VI) from wastewater by rice husk was revealed using isotherm and kinetic
modeling as well as the FTIR spectroscopy technique.

2. Materials and Methods

2.1. Experimental Chemicals and Analysis

A stock solution of Cr(VI) (up to 4000 mg L−1) for a batch adsorption system was prepared
by adding a defined quantity of K2Cr2O7 to deionized water (DW). Glassware and plasticware
were washed completely with DW followed by soaking in 3% HNO3 solution. The study was
carried out in triplicates. The Cr(VI) concentration in sorption solutions was determined using
an atomic absorption spectrometer (AAS) (Model, Nova 350, Analytik Jena).

2.2. Biosorbent Material Collection and Preparation

The material (rice husk) for biosorbent preparation was collected from a rice mill.
It was sun-dried and oven-dried (65 ◦C) for 2 and 3 days, respectively. The material was
ground thoroughly after drying and sieved (size < 250 μm).

2.3. Chromium Adsorption Using Batch System

Experiments were conducted in 50 mL falcon plastic vials, and NaCl solution having
0.01 M concentration was employed as a background working solution. The shaking time
and experimental temperature were applied as 2 h and 20 ± 2 ◦C, respectively, during
adsorption studies. Specifically, to check the pH effect spanning 3 to 10, 25 mL working
solution was prepared with Cr(VI) concentration of 120 mg L–1 and 0.6 g L–1 rice husk
dosage. The required pH for each working solution was adjusted using either (0.01 M) HCl
solution or (0.01 M) NaOH solution. The working solutions were agitated for 2 h followed
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by centrifugation and filtration. The remaining concentration of Cr(VI) was estimated
using AAS as described above.

To conduct the isotherm study, initial concentrations of Cr(VI) were varied from 10 to
250 mg L−1 with 2 h of shaking time and rice husk dosage of 0.6 g L−1. The pH in the
experiment was maintained at 5.2 (found from pH experiments). The remaining concentration
of Cr(VI) was estimated using AAS as described above.

The influence of sorbent dosage was determined using a defined amount of rice husk
spanning 0.1 to 1.3 g L−1; i.e., 0.1, 0.3, 0.6, 0.9, 1.1, 1.3 g L−1. The adsorption solution pH
was set at 5.2 while the applied Cr(VI) concentration was 120 mg L−1. The mixture was
agitated for 2 h followed by centrifugation and careful filtration. The remaining Cr(VI) in
the samples was analyzed on AAS.

In the kinetic study, 5.2 pH level, 120 mg L−1 Cr(VI) concentration and 0.6 g L−1

rice husk dosage were used. The sorption solution mixture was agitated for contact time
spanning 0.016 to 24 h. The remaining Cr(VI) in the samples was analyzed on AAS.

In order to check the influence of co-occurring ions (sulfate, nitrate and phosphate) in
the water, 50 mg L−1 of each ion (sulfate, nitrate and phosphate) was added to the sorption
working solution. The remaining Cr(VI) in the sorption solution was estimated on AAS.

The removal rate of Cr(VI) by rice husk was computed as follows (Equation (1)):

% Cr removal =
Co − Ce

Co
× 100 (1)

The qe, Cr(VI) adsorbed (mg g−1) was obtained as shown in Equation (2):

qe =
(Co − Ce)V

m
(2)

In both the equations, equilibrium Cr(VI) concentration (mg L−1), initial Cr(VI) con-
centration (mg L−1), volume of working solution (L), and biomass of rice husk (g) are
illustrated by Ce, Co, V and m, respectively.

2.4. Modeling and Statistical Analysis

The modeling of data obtained from kinetic and isotherm experiments was carried
out using Microsoft® Excel 2010 and Sigma Plot version 10 [12].

2.5. Analyses of Rice Husk Using FTIR Spectroscopy

The functional groups present on the rice husk surface were identified by collect-
ing the FTIR spectra (TENSOR-II, Bruker, Ettlingen, Germany) spanning 400–4000 cm−1

wavenumber.

3. Results and Discussion

3.1. Influence of Varying pH Levels

The pH of the sorption working solution is a very important parameter during the
adsorption process. The solution pH can have a direct effect by influencing the physic-
ochemical features (diffusion process, surface charge, surface binding and speciation of
metals) of both adsorbate and adsorbent [19,20]. Variations in pH could alter speciation of
heavy metals and the surface charge of adsorbents.

Rice husk as sorbent was analyzed with respect to different values of pH levels
during Cr(VI) sorption. The results showed that the adsorbent’s (rice husk’s) capacity to
remove the specific quantity of Cr(VI) was dependent upon the pH value of the solution.
Figure 1a shows that from pH value 3 to 5.2, the Cr(VI) sorption percentage was increased
and reached at maximum value of 78.6% (Table S1). At a relatively low pH value (5.2),
the hydroxyl (OH-) ions having negative charge were neutralized with excess H+ ions
(positive charges) and the adsorption onto rice husk succeeded by enabling the diffusion
of dichromate ions.
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Figure 1. The Cr(VI) adsorption as a function of pH (a), contact time (b,c), initial Cr concentration (d)
and sorbent dose (e) by rice husk from Cr(VI)-contaminated water.

The species of Cr(VI) exists as HCrO4
−, HCr2O7

−, H2CrO4 (pH < 1), Cr2O7
2− and

CrO4
2− (pH 2–6) depending upon the pH of the solution, thus the pH could play a major

role in metal ions’ sorption onto biosorbents [21]. In this study, an increase in pH of the
solution caused transformation of HCrO4

− to CrO4
2− and Cr2O7

2−, which could be due
to the considerable interaction of negatively charged ions of Cr(VI) with positive charges
from the biosorbent. Sorption of Cr(VI) declined with the additional rise in the solution pH
level (>5.2) due to the existence of hydroxyl ions (OH−) in a higher amount at increased pH
and thus biosorbent capacity decreased. Moreover, the surface of the adsorbent becomes
negatively charged with the presence of a higher amount of OH− ions, thus decreasing
Cr(VI) ions’ diffusion, which results in the production of negative repulsive forces between
the biosorbent and Cr(VI) ions [16,19,20].

3.2. Contact Time

The optimum sorption solution agitation time was determined for better performance
of rice husk in removing Cr(VI). Figure 1b,c describes the contact time study for the
percentage removal and average uptake of Cr(VI) by rice husk.

Figure 1b shows the ability of rice husk in mg g−1 for successful removal of Cr(VI)
with a range of contact times. It was observed that the rice husk’s adsorption capacity
was 192.82 mg g−1 at 1 h agitation time and improved a little (193.42 mg g−1) when
equilibrium was obtained at 2 h agitation time and became almost constant afterwards
(Table S2). To reach equilibrium, sorption kinetics have two phases, a rapid stage and
slower stage [20,22–24]. At the beginning, adsorption was very fast and removal percentage
of Cr(VI) increased quickly for 1 h. The percentage of Cr(VI) removed by rice husk reached
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93.60% in 1 h and, after achieving equilibrium at 2 h contact time, the removal of Cr(VI)
increased slightly further (93.89%) as shown in Figure 1c.

The increasing contact time after 2 h had a negligible effect on Cr(VI) adsorption.
At contact time of 2 h, the maximum Cr(VI) removal obtained showed that in the sorption
process the Cr(VI) uptake capacity of rice husk was more at the beginning of the adsorption
process owing to availability of abundant cavities for capturing Cr(VI) ions. Moreover,
at the start, the excess of active binding sites enhanced the rate of sorption, which was
decreased with increasing agitation time (<2 h) due to fraction surface lessening and strong
competition among Cr(VI) ions for adsorption sites [12,25,26].

Ali et al. [27] also observed that the maximum sorption percentage removal of Cr(VI)
was achieved at 100 and 120 min contact time, while no further increase in Cr(VI) removal
was detected with the rise in contact time.

3.3. Initial Chromium Concentration

The initial concentration of sorbate is also a critical parameter since it produces a
driving force which transfers the sorbate ions onto the biosorbent from liquid solution [19].

Different Cr(VI) ion concentrations spanning from 10 to 250 mg L−1 were used for this
study. Figure 1d shows that the sorption capacity of rice husk was enhanced from 24.31 to
351.92 mg g−1 with rising Cr(VI) level from 10 to 120 mg L−1 (Table S3). When the initial
concentration of Cr(VI) reached 40 mg L−1, the rise in adsorption rate became relatively
slow, even at the equilibrium level of 120 mg L−1 [19].

The Cr(VI) ions’ sorption was at a minimum when the Cr(VI) level was low but a
significant sorptive reaction among sorption sites and Cr(VI) ions was favored by the
increase in Cr(VI) level until equilibrium was reached at 120 mg L−1 [28]. Afterwards,
increasing the initial Cr(VI) level had negligible effect on Cr(VI) adsorption by rice husk.

3.4. Sorbent Dosage

The sorbent dose effect was investigated with 120 mg L−1 initial concentration of
Cr(VI), 5.2 solution pH and 2 h contact time with 0.1 to 1.3 g L−1 rice husk dose. Results
showed that with the rising dosage of rice husk, the removal rate of Cr(VI) was increased
from 60.07% to 69.18% as shown in Figure 1e and Table S4. Due to the increase in rice
husk dose (up to 0.6 g L−1), higher surface area and exchangeable sites were available for
Cr(VI) but the Cr(VI) percentage elimination was decreased considerably from 65.75% to
55.65% as the rice husk dosage was increased from 0.9 to 1.3 g L−1. This reduction in Cr(VI)
removal could be because of the overcrowding/overlapping of biosorbent particles, thus
reducing the number of binding sites for Cr(VI) ions [29,30].

3.5. Co-occurring Ions

Industrial wastewater contains many other anions such as NO3
−, PO4

−3 and SO4
−2

and sorption of Cr(VI) could be disturbed in the presence of these anions. Figure 2 shows
the co-occurring ions’ effect on sorption of Cr(VI) in water: it was found that the occurrence
of PO4

−3, NO3
− and SO4

−2 seriously affected the Cr(VI) sorption by rice husk.
During the Cr adsorption study with rice husk, the greatest decline in Cr(VI) sorption

percentage (60.12%) was owing to the co-existence of SO4
−2 ions. NO3

− and PO4
−3 ions’

presence also showed reduction in the percentage Cr(VI) removal to 72.01% and 68.5%,
respectively, but the Cr(VI) sorption in the existence of PO4

−3 and NO3
− was higher as

compared to SO4
−2. From the results, it can be concluded that the sorption potential of

rice husk was significantly affected when SO4
−2 ions were present compared to NO3

− and
PO4

− ions.
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Figure 2. The Cr(VI) adsorption (%) in the occurrence of competing ions.

3.6. Sorption Kinetic Modeling

Various mathematical models could evaluate the biosorption kinetics. Under various
experimental conditions, the batch sorption behavior could be explained clearly by a
kinetics model [31,32]. Thus, to determine the rate of biosorption in a batch system,
the kinetics models pseudo-first order (PFO) and pseudo-second order (PSO) were applied.
Figure 3 demonstrates PFO and PSO for rice husk as a sorbent while Table 1 represents
the constant rate (k1, k2), regression coefficients (R2) and qe values of rice husk as a
biosorbent. It was observed that the PSO model showed a better fit to experimental kinetic
results compared to PFO. The results of modeling showed that the R2 value of PSO (0.99)
was higher than that of PFO (0.75) and the qe of PSO was also close to the experimental
data. Considering the sorption mechanism, Cr(VI) sorption by rice husk was due to
the chemisorption process as PSO was a more appropriate fit to the kinetic equilibrium
data [19].

Figure 3. Kinetic modeling with (a) pseudo-first order (PFO) and (b) pseudo-second order (PSO)
data for Cr(VI) adsorption onto rice husk.
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Table 1. Parameters of kinetic modeling for Cr(VI) elimination by rice husk.

Pseudo-First Order Pseudo-Second Order

k1
(min−1)

k2
(g mg−1 min−1)

0.02 0.005

3.7. Sorption Isotherm Modeling

Four non-linear isotherms were employed to delineate the Cr(VI) adsorption onto rice
husk as shown in Figure 4 and Table 2.

Figure 4. Isotherm models (a) and separation factor (b) for Cr(VI) adsorption onto rice husk. Ce,
equilibrium concentration; C0, initial concentration.

The QL value obtained from the Langmuir model was observed to be 33.68 mg g−1

for Cr(VI) adsorption onto rice husk. The Langmuir model fitting demonstrated that the
Cr(VI) sorption by rice husk from wastewater was mainly owing to monolayer sorption,
which was controlled by chemisorption [17]. The separation factor (RL) demonstrated that
Cr(VI) sorption by rice husk is a highly favorable reaction (RL ≤ 1), as shown in Figure 4b.

The Freundlich isotherm model showed that R2 and Qf values were 0.70 and 99.5
mg1−n g−1 Ln while the Temkin model demonstrated that the R2 value was 0.77 for Cr(VI)
sorption onto rice husk. Lower heat of sorption (b) was observed with the Temkin model
for Cr(VI) sorption, which indicates that a linear decrease in (b) value established a superior
coverage of Cr(VI) on the rice husk surface, as shown in Table 2.
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Table 2. Parameters of isotherm modeling for Cr(VI) elimination by rice husk.

Isotherm Modelr Parameters Obtained Value

Langmuir QL (mg g−1) 33.68
R2 0.84

KL (L g−1) 0.08
Freundlich QF (mg1−n g−1 Ln) 99.5

R2 0.70
n 0.25

Temkin b 1.04
R2 0.77
A 73.28

Dubinin–Redushkevich QD (mg g−1) 371.73
R2 0.93

E (kJ g−1) 0.02

The Dubinin–Radushkevich model fit for Cr(VI) sorption is shown in Figure 4a.
The Dubinin–Radushkevich model showed a higher R2 value for rice husk. In Dubinin–
Redushkevich model bonding, energy (E) was calculated to clarify the Cr(VI) adsorption
onto rice husk (Table 2). The sorption process is physical if E < 8 kJ g−1; it might be
illustrated by diffusion mechanism if E > 16 kJ g−1 or chemisorption when E = 8–16 kJ g−1.
In the current study, the value of E was 0.02 kJ g−1, hence the dominant mechanism
could be physical sorption [32]. It can be deduced from the isotherm results that Cr(VI)
adsorption onto rice husk was mainly due to physical sorption and the monolayer sorption
process. It was found that the best fitting model was the Dubinin–Radushkevich model
followed by the Langmuir model compared to the other two models for Cr(VI) adsorption
by rice husk, as indicated by higher R2 values (0.93 and 0.84, respectively).

3.8. Cr (VI) Biosorption Mechanism through FTIR Spectroscopy

Surface functional groups involved in Cr(VI) sorption onto the biosorbent surface
were quantitatively analyzed, and for this purpose FTIR spectra of Cr(VI) loaded and
unloaded biosorbent were obtained. Figure 5 describes the FTIR spectra of rice husk (a) no
Cr and (b) Cr adsorbed.

In Figure 5, the peaks at 3354 and 3377 cm−1 of natural rice husk and Cr(VI) adsorbed
rice husk, respectively, indicated the –OH stretching vibrations with the association of
macromolecules (pectin, lignin and cellulose) [33–35]. The C-H bands were recorded at
2880 and 2884 cm−1 of natural rice husk and Cr(VI)-adsorbed rice husk, respectively, which
might be due to the methoxy, methyl and methylene functional groups [36]. The absorption
peaks at 1280, 1508 and 1682 cm−1 of natural rice husk whereas peaks at 1295, 1541 and
1683 cm−1 of Cr(VI)-adsorbed rice husk showed the involvement of ionic carboxylic groups
(COO–). There were bands at 706 and 777 cm−1 of natural rice husk while those at 738 and
835 cm−1 of Cr(VI) rice husk were due to the vibrations of the –NH2 group [29].

The FTIR spectral peaks of natural rice husk at 3354, 2880, 1651, 1507, 1280, 777 and
706 cm−1 were shifted to the peaks 3377, 2884, 1685, 1541, 1295, 835 and 738 cm−1 after
loading of Cr(VI). The changes in spectral bands’ positions might be ascribed to the Cr(VI)
sorption owing to involvement of functional groups on the biosorbent surface through the
ion exchange mechanism [37]. Results showed that functional groups –OH and C-H were
mainly involved in the process of sorption with highest peaks, while the other functional
groups, such as COO– and –NH2, were also involved with low peaks. The same responses
with almond shell and apricot shell were recorded previously regarding the sorption of
Cr(VI) [38]. Rice straw, rice bran and sawdust were also observed as a biosorbent for
sorption of Cr(VI), and similar results of functional group analyses were noted [39].
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Figure 5. The FTIR spectra of rice husk (a) no Cr(VI); (b) Cr(VI)-adsorbed.

Table 3 compares the adsorption capacities of rice husk used in this study with those in
other studies. It can be observed from Table 3 that rice husk showed relatively higher Cr(VI)
adsorption potential compared to biosorbents previously used by several researchers.
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Table 3. Comparison of various biosorbents with rice husk for Cr(VI) adsorption.

Biosorbent Adsorption (mg g−1) References

Litchi peel 7.05 Yi et al. [40]
Foxtail millet

shell 11.70 Peng et al. [41]

Grapefruit
peelings 39.06 Rosales et al. [42]

Freshwater snail shell 8.85 Vu et al. [43]
Pomegranate seeds 3.32 Ghaneian et al. [44]
Bamboo shoot shell 28.72 Hu et al. [45]

Rose biomass 5.26 Aman et al. [46]
Waste Chlorella vulgaris

biomass 43.3 Xie et al. [47]

Rice husk 351.92 This study

4. Conclusions

Rice husk was used successfully for Cr(VI) biosorption from contaminated water
streams. The results showed that rice husk removed 78.6% Cr(VI) from the wastewater
and the highest Cr(VI) elimination was found at 5.2 pH. The data obtained from various
studied parameters showed that 2 h contact time, 120 mg L−1 initial metal concentration
and 0.6 g L−1 rice husk dosage were perfect for efficient adsorption of Cr(VI) from polluted
water. Dubinin–Radushkevich and Langmuir models provided the best fit to the equilib-
rium data indication that the Cr(VI) onto rice husk was due to physical and monolayer
sorption processes. The pseudo-second order model fitting proposed that adsorption
of Cr(VI) was a fast process. The data from the effect of co-occurring ions showed that
the presence of sulfate ions during sorption of Cr(VI) reduced the rice husk’s capacity
for Cr(VI) adsorption. The FTIR analysis suggested that –NH2, alkyl, –OH and COO–
functional groups were the main species involved in Cr(VI) removal. Overall, since rice
husk used here was an agricultural waste which is inexpensive, accessible and proved to
be an effective sorbent, therefore, this prepared biosorbent is expected to be economically
feasible for the treatment of Cr(VI)-containing wastewater.
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adsorption by rice husk; Table S4: Effect of sorbent dose on Cr adsorption by rice husk.
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Abstract: Stabilized landfill leachate contains a wide variety of highly concentrated non-biodegradable
organics, which are extremely toxic to the environment. Though numerous techniques have been
developed for leachate treatment, advanced membrane filtration is one of the most environmentally
friendly methods to purify wastewater effectively. In the current study, a novel polymeric membrane
was produced by integrating powdered activated carbon (PAC) on polyvinylidene fluoride (PVDF) to
synthesize a thin membrane using the phase inversion method. The membrane design was optimized
using response surface methodology (RSM). The fabricated membrane was effectively applied for
the filtration of stabilized leachate using a cross-flow ring (CFR) test. The findings suggested that the
filtration properties of fabricated membrane were effectively enhanced through the incorporation
of PAC. The optimum removal efficiencies by the fabricated membrane (14.9 wt.% PVDF, 1.0 wt.%
PAC) were 35.34, 48.71, and 22.00% for COD, colour and NH3-N, respectively. Water flux and
transmembrane pressure were also enhanced by the incorporated PAC and recorded 61.0 L/m2·h
and 0.67 bar, respectively, under the conditions of the optimum removal efficiency. Moreover, the
performance of fabricated membranes in terms of pollutant removal, pure water permeation, and dif-
ferent morphological characteristics were systematically analyzed. Despite the limited achievement,
which might be improved by the addition of a hydrophilic additive, the study offers an efficient way
to fabricate PVDF-PAC membrane and to optimize its treatability through the RSM tool.

Keywords: stabilized leachate; membrane fabrication; filtration technology; phase inversion tech-
nique; powdered activated carbon (PAC)

1. Introduction

Sanitary landfills are the widely applied technique to tackle municipal solid waste
(MSW). Inappropriately, the majority of these landfills do not fulfill the normal discharged
limits [1]. In developing countries such as Malaysia, more than 80% of the MSW pro-
duced was received by open duping and landfill sites [2]. This resulted in the generation
of highly contaminated leachate, which is the liquid generated due to the precipitation
above these solid litters and could be toxic to the surrounding environment. This leachate
could contaminate the sources of fresh water if not carefully treated before discharging
to the environment [3]. Stabilized leachate, which is more than ten years old, has lower
BOD5/COD ratio. Thus, it is almost impossible to treat this kind of leachate using some
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biological treatment technique [4]. To date, various purification techniques such as ad-
sorption [5], coagulation [6], advanced oxidation [7], electro-Fenton [8], and combinations
of these processes [9,10] have been successfully introduced to eliminate the organic con-
taminates from stabilized leachate. Among these techniques, membrane filtration could
be one of the most suitable purification process [11]. The membranes acted as a selective
barrier to achieve the objective of separation and purification. Nonetheless, there are still
some shortcomings in membrane technology such as membrane fouling upon the higher
contaminant concentration [12]. Fouling could affect the separation efficiency as well as per-
meability of membrane, which are the vital factors in the membrane filtration [13]. Several
strategies, including pre-treatment of feed [14], optimization of operating parameters [15],
selection and modification of membrane [16], hydraulic flushing [17], and applied field
enhancement [18], have been performed to alleviate membrane fouling and water flux rate.
Under different circumstances, the workability of membrane can be improved through the
membrane characteristics and performance of treatment process. Hence, investigation of
membrane characterization can be separated into four groups: membrane activity (perme-
ability, surface wettability, average pore size, and porosity); morphological characterization
(surface chemistry and roughness, and external and internal membrane texture); treatment
efficiency (separation performance); and antifouling evaluation (pore size decrease and
cake formation) [19].

Synthetic polymers such as polypropylene (PP), polyvinylidene fluoride (PVDF),
and polysulfone (PS) are commonly applied in the membrane fabrication due to their
higher flux, antifouling ability, and separation efficiency [20]. Among all these synthetic
polymers, PVDF polymer proved to be an ideal membrane fabrication material due its
durability [21], good thermal stability and higher chemical resistance [22]. Additionally,
the PVDF polymer can also help to extend the membrane life, as well as reduce the damage
caused by the concentrated pollutants [23]. However, the PVDF membranes antifouling
capability could be enhanced due to its hydrophobic nature [24]. Many researchers have
successfully applied dry–wet phase inversion technique to boost their membrane perfor-
mance [25]. For instance, Zhou et al. [26] developed an ultrafiltration PVDF membrane
using nanoparticles of titanium dioxide (TiO2) and polyvinylpyrrolidone (PVP) as blended
additives to increase the fouling resistance and water permeability. The addition of PVP-
TiO2 increases the average pore size and porosity of membrane, leading to the higher
flux and hydrophilicity of membrane with more than 91.4% removal performance against
sulfonamide antibiotics water. Moreover, polyethylene glycol and poly(acrylic acid) were
also applied in the fabrication of membrane through chemical reaction with a key focus of
enhancing hydrophilicity. Their batch filtration experiments clearly exhibit an increase in
critical flux and a declined fouling rate. Similarly, various reports have presented effective
ways to boost the antifouling abilities of PVA-based membranes due to their hydrophilic
properties [27,28].

Recently, the incorporation of activated carbon (AC) on the surface of the membrane
has proven to be an effective way to boost the membrane rejection performance [29]. The
utilization of AC in membrane is a relatively new technology for the elimination of organic
contaminates for wastewater, which not only enhances the adsorption capacity of AC, but
also improves the particle removal capabilities of membrane [30].

To date, there are quite a number of studies which clearly demonstrate that the usage
of PAC can significantly improve the filterability of membranes [13]. However, evaluation
of PAC addition into PVDF flat sheet membranes with different concentrations, in terms of
their treatment efficiency and productivity, has not been investigated. Therefore, the current
study was performed to observe the potential of incorporating PAC, for the first time, into
the PVDF polymeric membrane for stabilized landfill leachate purification. Furthermore,
fabricated membrane was optimized using RSM technique, and the membrane properties
and morphologies were systematically characterized.
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2. Materials and Methods

2.1. Collection of Leachate

Leachate sample was taken form Sahom landfill site located in Perak, Malaysia, which
is an operative landfill site with a daily production of 100 tonnes of MSW in average [31].
After collection of leachate sample, it was stored in a refrigerator at 4 ◦C. Initial leachate
characterization was performed using standardized methods of water and wastewater [32].
All measurements, including dissolved oxygen (DO), colour, chemical oxygen demand
(COD), 5-day biochemical oxygen demand (BOD5), and ammoniacal nitrogen (NH3-N),
were undertaken in triplicate.

2.2. Materials

The PVDF polymer (Kynar®740) was purchased from Afza Maju trading (Terengganu,
Malaysia), and utilized after drying for 24 h at 70 ◦C. 1-Methyl-2-pyrrolidone (NMP, 99.5%)
was purchased from Sigma–Aldrich. Methanol, (99.8%) was supplied by Chem Soln. Ultra-
pure distilled water (DI) was utilized throughout the experiments. PAC was purchased
from R&M Chemicals. The AC was charcoal-based, and consists of sulfide, chloride, cal-
cium, sulphate, iron, lead, zinc, and copper. This PAC density was 1.8–2.1 kg/m3 with
pH (4–7). Particle size analysis (PSA) and field emission scanning electron microscopy
(FESEM) tests were used to investigate the distribution and the size of PAC particles,
respectively. All these chemical materials were of analytical grade, and used without
additional treatment.

2.3. Experiment’s Design and Optimization Process

Central Composite Design (CCD) is the design method used in response surface
methodology (RSM) for the membrane fabrication’s experimental design [33]. Both CCD
and RSM were run by version 8 from the Design Expert. For membrane dope solution
design, two factors, the polymer (PVDF) weightage and the additive (PAC) weightage, were
set into the CCD. Based on preliminary experiments and the extensive literature [34,35], the
total mass of fabricated membrane dope was fixed at 100 g, which represents 100% of the
dope weight, thus each 1 g of the dope element is equivalent to 1% weightage. The dosage
of the PVDF was set within the range of 10 g to 18 g, and the amount of PAC was set within
the range of 0 g to 2 g. Regarding the CCD, the alpha value was selected to be 1.0, and
thus the centre points were 14.0 and 1.0 wt.% for the polymer content and additive content,
respectively. The rest of the dope weight (to complete 100 g) is the NMP solvent. The total
concentration of PVDF/PAC was kept at 20% (as maximum) and 10% (as minimum), as
concentration higher than 20% resulted in solutions of extremely high viscosity, and was
difficult to be casted on the glass plate, while clumsy, non-thick membrane was the result
of using concentration less than 10%. Five responses, which are the removing efficiencies
of COD, colour, and NH3-N, as well as maximum transmembrane pressure (max. TMP),
and pure water flux, were also set into the CCD to have the full design of experiments. The
influence of various parameters was optimized by RSM using a combination of statistical
and numerical techniques. In the current work, nine experiments were reinforced with
four replications to assess the pure error [36]. The 13 different membranes were applied in
double repetition and have their effluent collected. The quadratic model for every response
was investigated by analysis of variances (ANOVA) to identify the results significancy, and
to find the represented quadratic model after eliminating irrelevant terms. The frontal sign
of each model term signifies to either antagonistic or synergistic effect on the response
when it is positive or negative, respectively [4]. In RSM, it does mention that Prob > F
less than 0.050 indicates model terms are significant, and Prob > F with the values greater
than 0.10 indicates model term is not significant. “Not significant“, in the description of
lack of fit, is regarded a decent model, as it means the experimental reading is fitting the
model [37]. Additionally, a good experimentally fitted data will have a higher coefficient
(R2) value. The higher the R2 value, the closer the experimental data towards the predicted
graph model by the RSM [38,39]. Selection of the best membrane takes into consideration
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the membrane purification performance. Desirability value closer to 1.0 used to be selected
as the ideal design for the data.

2.4. PVDF-PAC Membrane Fabrication
2.4.1. Dope Preparation

To produce the polymeric membrane, PVDF and NMP were applied as polymer and
solvent, respectively. Figure 1 presents the process used for the dope preparation. Initially,
the polymeric PVDF was entirely dissolved in the NMP solvent at a temperature ranged
between 60 and 70 ◦C using a heating mantle (Figure 1a). In order to achieve a better
permeate flux of the synthesized membrane, the heating mantle temperature should always
be maintained within the above stated range [21]. The dope solution containing dissolved
PVDF polymer in the NMP solvent was then infused into a clean Schott bottle. After that,
the required amount of PAC was inserted into the dope solution to generate the dope
for hybrid membrane. Lastly, the Schott bottle containing the dope solution was placed
into a sonicator bath (Cole-Parmer, Vernon Hills, IL, USA) for eight hours to confirm the
homogeneous mixing of the additives without any air bubbles raised in the prepared
dope [40].

 
Figure 1. PVDF-PAC membrane dope preparation process.

2.4.2. Membrane Casting

A semi- automated membrane casting machine (TECH INC, Chennai, India) was
applied to synthesize a flat sheet membrane using the dry–wet phase process, as illus-
trated in Figure 2a. The membrane was produced at temperature 27 ◦C to 30 ◦C with an
approximate thickness of 60 μm based on literature reports [41,42]. After 60 s of membrane
casting above the glass board, it was submerged into a distilled water (DW) basin for
180 s (Figure 2b). As a result, a thin layered polymeric film was generated, which separated
from the glass plate. Later, the newly produced membrane was transferred into a DW
coagulation bath and remained there for 24 h. Afterwards, a methanol bath was used for 8
h, as shown in Figure 2c, to perform a post-treatment to ensure the excess solvent in the
membrane can be removed completely [43]. Finally, the membrane was dried 24 h at the
ambient temperature with 60% humidity, as shown in Figure 2d, to be ready to use in the
filtration process [13].
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Figure 2. The casting process of flat sheet PVDF-PAC membrane.

2.5. Membrane Performance and Characterization

The produced membranes have been characterized to investigate their treatment
efficiencies, fouling, and permeability properties and surface morphologies. To ensure the
accuracy of the findings, all of the tests have been duplicated. Each time, a fresh membrane
has been utilized to investigate their characteristics and performance.

2.5.1. Treatment Efficiency

The membrane filtration performance was investigated using laboratory scale cross-
flow filtration setup with a 3.34 cm disc diameter, as exhibited in Figure 3. The membrane
rejection capabilities were studied against the treatment of landfill leachate. Before each
experiment, initial characterization of leachate was measured to eliminate the small errors
which occurred due to the minor changes in organics concentration with time. The steady
flux for all individual membranes was acquired by a constant (200 mL/min) flow for
120 min. The volume of permeate, along with the recorded transmembrane pressure, were
noted down under the flow of 200 mL/min for different intervals of time (0.5, 1, 2, 5, 10, 20,
40, 90, and 120 min).
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Figure 3. CFR test configuration (filtration treatment set).

Final leachate characterizations were evaluated in terms of removing efficiencies for
the COD, colour, and NH3-N pollutants using Equation (1):

Removal eficiency % =
(CF − CP)

(CF)
× 100(%) (1)

where CF is the contaminant concentration at the feed (mg/L) and CP is the contaminants
concentrations in the permeated solution (mg/L). All contaminants’ concentrations were
checked using the UV-V spectrophotometer (Hach DR6000, Loveland, CO, USA) in prior
and post of filtration practice.

2.5.2. Productivity of Membrane

Pure flux plays a dynamic role in the membrane productivity evaluation. Permeability
of membrane was investigated through the pure water flux, which was measured via a dead-
end filtration apparatus, as illustrated in Figure 4. A metallic ring having 5 mm average pore
size and 8.76 cm2 effective permeate area was applied to support the membrane. Initially,
the impurities present in the membrane were removed by submerging the membrane in
DW for 30 min. Then, a stable flux was achieved by pre-compacting the membrane with
N2 gas at a pressure of 30 KPa for 2 min. After 30 min, the permeated water volume was
noted at a similar pressure of 30 KPa. The pure water flux can be calculated using the
Equation (2):

J =
V

A × t
(L/m2·h) (2)

where V is the permeated pure water volume (L), A is the membrane effective surface area
(m2), and t is the time of permeation (h).
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Figure 4. Dead-end test (pure water permeation set-up).

2.5.3. Antifouling Valuation

Throughout the membrane filtration process, the overall decrease in flux, alongside the
improvement of transmembrane pressure, were mainly caused by either membrane fouling,
concentration polarization, or a combination of both [44]. Both of these components can be
attained from the experimental data using both of the leachate permeate flux and maximum
transmembrane pressure (Max. TMP) values which are measured by the cross-flow ring
test. Max. TMP was applied to indicate the antifouling ability of fabricated membranes [45].

2.5.4. Morphological Characteristics

It is a well-known fact that the membrane properties and performance are highly
dependent on its morphology (pore size, surface texture, and microstructure). Therefore, in-
vestigation of membrane morphologies is considered a significant factor in the effectiveness
evaluation of the produced membranes.

Fourier transform infrared spectroscopy (FTIR, Perkin Elmer Lambda 35, Waltham,
MA, USA) was applied to investigate the membrane surfaces chemical compositions. The
FTIR spectra ranged between 4000–400 cm−1.

EDX is a chemical microanalysis method used for quantitative, qualitative, and ele-
mental mapping examination. Octane Silicon Drift Detector (SDD, EADX Inc., Mahwah,
NJ, USA) was used at high voltage of 15 kV, using Mn Kα as source of energy. The fabri-
cated PVDF-PAC membranes with different compositions were measured by INCA Energy
400 software (Firmware INCA, Version V1.09R13), along with the image taken by the
Quanta FEG 450 instrument.

FESEM (Quanta FEG 450, FEI, Hillsboro, OR, USA) was applied to record the cross-
sectional and surface morphologies of the fabricated membrane. The cross-sectional
morphologies were investigated by fracturing the membranes in liquid nitrogen and
immediately cutting them after air drying. FESEM measurement starts by placing the
sample on carbon tape, which was attached with the sample stub. The sample was
also coated with the platinum nanoparticles in auto fine coater (JFC-1600, SUTD-MIT
International Design Centre, Singapore) before performing the analysis.

An atomic force microscopy (AFM, Dimension 5000, Bruker AXS, Santa Barbara, CA,
USA) was also applied to study the surface morphologies and roughness of the synthesized
membranes. Herein, membranes were cut into small square pieces (1 × 1 cm) and pasted
on a glass slide. Sample scanning were performed using a probe-optical microscope on
tapping mode and images of 10 μm × 10 μm were taken by AFM. The root-mean-square
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roughness (Rq) and average roughness (Ra) was applied to measure the surface roughness
for each membrane.

Porosity of membrane could be easily defined as the pore’s volume divided by the
membrane total volume. Wet membranes were weighed after carefully wiping the surface
(Ww). Afterwards, these membranes were dried in an oven at 50 ◦C for 24 h and weighed
again (Wd). The porosity of membrane ε (%), was measured by gravimetric method using
Equation (3) [25]

ε =
(Ww − Wd)/ρw
Ww−Wd

ρw + Wd/ρp
× 100% (3)

where, Ww is the weight of wet membrane (kg), Wd represents the weight of dry membrane
(kg), ρw is the density of water (1000 kg/m3), and ρp, the polymer density (1770 kg/m3

for PVDF).
Based on the measured distilled water flux, the average pore size (d) of the membrane

was calculated by the Guerout–Elford–Ferry equation, Equation (4) [46].

d =

√
(2.9 − 1.75ε)8δlV

ε A ΔP t
(4)

Herein, ε is membrane porosity (%), δ, the water viscosity (8.9 × 10−4 Pa s), l repre-
sents membrane thickness (60 × 10−6 m), V is the volume of the distilled water penetrating
through the membrane (m3), t is the experimental time interval (s), A, the effective mem-
brane surface area (m2), and ΔP is the working pressure (30 kPa).

3. Results and Discussion

3.1. Landfill Leachate Characteristics

Table 1 displays the key characteristics of the raw leachate sample of more than
10 years in age. The lower BOD5 to COD ratio (0.074) was another strong indication of
highly stabilized leachate sample [3]. The other quality parameters of leachate, such as
COD, BOD5, NH3-N, colour, and pH values, were around 1188 mg/L, 89 mg/L, 313 mg/L,
1360 PtCo/L, and 8.33, respectively. These obtained values were also compared with the
standard discharged limits set by the Malaysian Environmental Quality was conducted
(Table 1) [47]. As shown in Table 1, the COD, colour, and NH3-N concentrations were
found to be far greater than the standard discharged limits.

Table 1. Raw leachate characteristics.

Parameter Unit Value Range Average Malaysia Discharge Standards

DO mg/L 2.43–5.19 3.81 -
COD mg/L 846–1530 1188 400
BOD5 mg/L 55–122 89 20
BOD5/COD - 0.065–0.080 0.074 0.05
Colour PtCo/L 1040–1680 1360 100
NH3-N mg/L 164–462 313 5
Suspended
Solids mg/L 75.0–80.0 77.5 50

pH - 7.97–8.68 8.33 6.0–9.0
Turbidity NTU 15.9–70.2 43.1 -
Electrical
Conductivity mS 13.22–22.77 18.00 -

Temperature ◦C 27–30 28 40

3.2. PAC Characterization

Analysis test of the particle size was conducted to investigate the particle size distri-
bution of fine samples in terms of volume. The particle size distribution of PAC sample is
shown in Figure 5a. It can be seen from Figure 5 that PAC has small particle sizes which
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varied between (0.02–50 μm) in diameter. The average particle diameter of the PAC is
25 μm. It is evident from Figure 5a that the distribution curve of PAC particles could be
counted a uniform-distribution curve. The percentage of adsorption is higher for those
adsorbents have smaller particle size due to the availability of more surface area [48]. The
surface morphology of PAC was visualized via FESEM, with a magnification of 10,000×,
as shown in Figure 5b. FESEM micrographs of PAC, shows uniform size particles, which
confirmed the results obtained from the particle size analysis. To some extent, the PAC
surface having small cavities, pores, and more rough surfaces indicates the presence of an
interconnected porous network. Increasing the particles’ number of an adsorbent material
by decreasing its particles size resulted in increasing the adsorption surface area, and thus
the material adsorption characteristics [49].

 
Figure 5. PAC characterization: (a) Particle size distribution; (b) FESEM image at 10,000× magnification.

3.3. Membrane Filtration and Experimental Results

Herein, the relationship among the independent factors (PVFD and PAC dosage in
membrane) and responses (COD, NH3-N, colour removal, max. TEM, and pure water
flux) were thoroughly investigated. There were 13 different experiments performed on
the PVDF and PAC composition based on the central RSM composite design, as shown in
Table 2. CFR test was performed to investigate the pollutants removal efficiency together
with the max. TEM, while dead-end test was executed to measure the pure water flux.

Table 2. Experimental results for the PVDF-PAC membranes (RSM design).

Factors Responses

Run Order PVDF (wt.%) PAC (wt.%)
Removal Efficiency (%) *

Pure Water Flux ** (L/m2·h) Max. TMP (bar)
COD Colour NH3-N

1 10.00 0.00 14.8 15.1 10.9 90.2 0.46
2 10.00 2.00 29.1 42.3 7.5 127.7 0.42
3 12.00 1.00 32.2 44.6 18.3 89.3 0.48
4 14.00 0.50 28.2 39.6 19.6 64.0 0.66
5 14.00 1.00 37.2 56.3 23.8 79.9 0.67
6 14.00 1.00 35.5 50.3 19.3 72.9 0.63
7 14.00 1.00 35.5 56.2 21.3 72.2 0.62
8 14.00 1.00 35.7 51.1 21.5 70.3 0.61
9 14.00 1.00 32.2 51.5 19.9 69.9 0.60

10 14.00 1.50 33.2 52.7 19.2 83.1 0.55
11 16.00 1.00 37.1 41.0 22.5 31.8 0.68
12 18.00 0.00 29.1 26.7 21.2 26.2 1.00
13 18.00 2.00 20.9 15.6 17.3 32.9 0.78

* Estimated by Equation (1). ** Estimated by Equation (2).
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The COD, colour, and NH3-N removal efficiencies were found to be around 14.8–37.2,
14.6–56.3, and 7.5–23.8%, respectively, while the pure flux and max. TMP were ranged be-
tween 26.2–127.7 L/m2·h and 0.42–1.00 bar, respectively. ANOVA analysis was performed
for the further investigation on the obtained experimental results.

It is observed from Table 2 that an increase in both PVDF and PAC concentrations on
the membrane leads, to some extent, to an increase in the contaminants removal. When
PVDF and PAC concentration are higher than 14 wt.% and 1.0 wt.%, respectively, the
removal efficiency starts to decrease with increasing the amount of PVDF and PAC. This
behaviour was attributed to the combination effect between polymer and additive in dope.
This leads to the creation of large volume voids with increasing polymer dosage, and
allows the small particles of contaminants to pass through the membrane [50].

3.3.1. Removal Efficiency of Contaminants

Table 3 depicts the empirical model using the data obtained from COD, colour,
and NH3-N removals. F-values of the model, together with the low probability values
(P > F > 0.05), clearly suggest that the models were significant for all responses.

Table 3. ANOVA results and quadratic models of PVDF-PAC membranes for COD, colour, and NH3-N removal efficiencies.

Source
COD Removal (%) Colour Removal (%) NH3-N Removal (%)

F-Value Prob > F F-Value Prob > F F-Value Prob > F

Model 25.62 0.0002 (S) a 31.93 <0.0001 (S) a 24.34 0.0003 (S) a

A-PVDF (wt.%) 4.34 0.0759 3.89 0.0840 55.81 0.0001
B-PAC (wt.%) 4.19 0.0800 5.69 0.0441 6.37 0.0396

AB 32.25 0.0008 21.10 0.0018 0.032 0.8634
A2 0.42 0.5375 97.03 <0.0001 0.24 0.6372
B2 12.18 0.0101 - - 3.62 0.0988

Lack of Fit 1.39 0.3665 (NS) b 3.27 0.1386 (NS) b 0.17 0.9088 (NS) b

Std. Dev. 1.98 Std. Dev. 4.28 Std. Dev. 1.40
Mean 30.85 Mean 41.69 Mean 18.64

R2 0.9482 R2 0.9411 R2 0.9456
Adj R2 0.9112 Adj R2 0.9116 Adj R2 0.9067
C.V. % 6.42 C.V. % 10.26 C.V. % 7.52

a Significant. b Not significant.

The significant model terms for COD removals in the ANOVA analysis were sorted
in descending order depending upon the influential terms (AB, B2, A, B, and A2). It was
clearly seen that the PVDF and PAC (AB) had the highest impact on the COD removal
with an F-value of around 32.25, followed by the quadratic term of PAC concentration
(B2), PVDF concentration (A), PAC concentration (B), and finally the quadratic term of
PVDF concentration (A2) with an F-value of 12.18, 4.34, 4.19, and 0.42, respectively. The
quadratic terms of PVDF concentration together with the linear terms of PAC and PVDF
contents caused a positive effect on the COD removal. Nonetheless, interaction and
quadratic terms of PAC exhibited negative effects. In fact, an increase in the COD removal
was recorded upon the change in the liner terms of PVDF and PAC concentrations, and
PVDF concentration with quadratic term from lower to higher level. Hence, this change
is complemented by the outstanding COD removal using PVDF-PAC membrane. On
the other hand, a decline in COD removal was recorded when the interaction term and
quadratic term of PAC was in the higher level.
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The quadratic term of PVDF contents (A2) has the most significant effect towards the
colour removal rate. This is due to the highest F-value (97.03), where other terms had the
values of 21.10, 5.69, 3.89, respectively. The PAC content (B) had a progressive influence
on the colour removing. However, the quadratic term of PVDF, PVDF concentration, and
interaction among the PVDF and PAC displayed a negative effect. Thus, the removal of
colour was enhanced with the enhancement of the PVDF contents in membrane fabrication
until the optimum amount (>14 wt.% PVDF).

Additionally, in case of NH3-N removal, the A, B, B2, A2, and AB were sorted in
descending order of their effecting strength. The highest F-value of 55.81 was recorded
for the linear term of PVDF concentration (A), and thus it had the huge effect in NH3-N
removal. On the other hand, the lowest F-value of 0.032 was recorded for interaction
term, which regarded to have a negligible effect on the model. The PVDF linear term
only offered a strong influence on removing of NH3-N, while the remaining terms were
found to be the negligible influencers. Hence, the NH3-N removal was increased upon
enhancing the PVDF contents in membranes. However, for PAC concentration after the
point (PAC = 1.0 wt.%); when either the quadratic term of PVDF or PAC, or the interaction
term is in the significant level, the NH3-N removal starts to decrease.

The lack of fit F-statistic was statistically not significant, as the values of (P) were higher
than 0.05. A significant lack of fit suggests that there may be some systematic variation
unaccounted for the proposed models. This may be due to the exact replicate values of
the independent variables in the models that provide an estimate of pure error [15]. The
correlation coefficient value (R2) resulted in the present study for COD removal (0.9482),
colour removal (0.9411), and NH3–N removal (0.9456), indicating that only 5.18, 21.09,
5.89, and 5.44% of the total dissimilarity might not be explained by the empirical models.
Zielinska et al. [10] stated that the correlation coefficient should be more than 0.80 for a
good fit of a model. Moreover, the C.V.% of the obtained models for COD, colour, and NH3-
N removals were 6.42%, 10.26%, and 7.52%, respectively, which designates an adequate
model [51].

In the current study, all insignificant model terms which have limited effects were
eliminated from the study to improve the model. Based on the findings, the response
surface models for COD, colour, and NH3-N removal efficiency were constructed to predict
responses, which were considered reasonable. The final regression models, in terms of their
coded factors, are expressed by the second-order polynomial equations, and are presented
in Table 3.

Typically, it is vital to study the effect of the operational factors on the different
responses. The effect of PVDF and PAC concentration on the responses of COD, colour,
and NH3-N removals over PVDF-PAC membranes could be evaluated using perturbation
and three-dimensional (3D) response surface plots (Figure 6). Perturbation plots show the
comparative effects of independent variables on the responses. For instance, in Figure 6,
the different sharp curvatures in PVDF concentration (A) and PAC concentration (B) show
that the three responses (COD, colour, and NH3-N removal efficiency) were very sensitive
to the fabrication variables, but with different behaviours. In other words, PVDF and PAC
contents have a major function in the treatment process under the experimental conditions.
This is another confirmation of the important effects of the independent variables (PVDF
and PAC concentrations) on the treatment removal efficiency. Therefore, the 3D surface
response and contour plots of the quadratic models were utilized to assess the interactive
relationships between independent variables and responses. The 3D response surface was
introduced as a function of PVDF and PAC concentrations. Figure 6a,c shows a symmetrical
3D surface response for both COD and NH3-N removals. In the meantime, the removal of
colour presents a different 3D surface (Figure 6b), which indicates that colour removal was
influenced differently by experimental factors than the other responses.
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Figure 6. Perturbation plots (left) and 3D response surface (right) of PVDF-PAC fabricated membrane for the removing
efficiency of (a) COD, (b) colour, and (c) NH3-N.

Figure 6a,c indicated that the responses for COD and NH3-N removal rate was suffi-
ciently enhanced upon the increase in PVDF contents in applied membranes. On the other
hand, the increase in PAC contents in membrane fabrication led, to the removal of COD
and NH3-N to some extent. It was seen that, when the PAC contents in membrane were
higher than 1.0 wt.%, the removal rate for COD and NH3-N began to decline. According
to Figure 6c, for the removal of NH3-N, the effect of interaction between PVDF and PAC
concentrations have a noteworthy influence on removal percent. The NH3-N removal were
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gradually increased with the increasing of PAC concentration to some extent, which means
that the incorporated PAC has enhanced the membrane performance in terms of NH3-N
removal, in addition to the main separation action gained by the membrane texture itself.
This good result might be ascribed to the high adsorption characteristics of the used PAC,
which significantly improved the fabricated membrane efficiency [5,52].

However, PVDF concentration has limited effect on COD removal efficiency compared
with the PAC content. Where 35.5 and 38.5% of COD were removed at minimum and
maximum PVDF concentration (10.0 and 18.0 wt.%), respectively, 18.5 and 35.5% of COD
removal were removed at minimum and medium PAC concentration (0.0 and 1.0 wt.%),
respectively. Likewise, the minimum NH3-N removal was found to be 7.5% at membrane
concentration of 10.0 wt.% PVDF and 2.0 wt.% PAC, while the maximum NH3-N removal
(24.5%) was observed at the PVDF and PAC concentration of 18.0 and 1.0 wt.%, respectively.

On the other hand, the 3D response surface in Figure 6b displays a different effect of
interaction between the experimental factors on the colour removal rates. It was observed
that an increase in the concentration of PVDF in the membrane leads to an improvement
in the colour removal to some degree. When the concentration of PVDF was higher
than (14 wt.%), the colour removal performance starts to decrease. This behaviour was
credited to the combined effects of additive and polymer in the dope. This leads to creating
large volume voids with increasing polymer dosage, and lets the fine particles from
contaminants to permeate through the membrane [50]. Meanwhile, the enhancement of
PAC concentration in a membrane drove a steady increase in the colour removal efficiency.
As witnessed in Figure 6b, the predicted minimum and maximum efficiencies of colour
removal were 15.0 and 56.5% present at fabrication concentrations of (18.0 wt.% PVDF,
0.0 wt.% PAC), and (14.0 wt.% PVDF, 1.0 wt.% PAC), respectively. This also confirms the
effectiveness of PAC content in enhancing the removal performance of the filtration process
using PVDF fabricated membrane.

Despite the incorporation of PAC into membrane enhancing the COD, colour, and
NH3-N removal, the filtered leachate still did not meet the Malaysian Discharge Standard
(Table 1). This is due to the highly concentrated pollutants of leachate that resulted in a
reduction in membrane efficiency owing to the clogging caused by influent SS component.
Therefore, a pre-treatment process such as PAC adsorption is suggested to be used before
the membrane treatment [33].

3.3.2. Pure Flux and Transmembrane Pressure Studies

By applying the factorial regression analysis on the experimental data related to PVDF-
PAC membranes, both max. TMP and pure water flux responses were well agreed to a
linear model of the second degree, as shown in the ANOVA analysis presented in Table 4.

In a general linear model or a multiple regression model: Y = ß0 +
k
∑

i=1
ssi Xi + ε, where: Y is

the response, Xi is the independent factor, k is the number of variables, ß0 is the constant
term, ßi represents the coefficient of the linear, and ε is the random error or noise [53].
The final linear models obtained for each response has been expressed by the first order
polynomial equation, as presented in the last raw of Table 4.

The fitted model for the pure water flux suggests a large F-value (53.56), suggesting
that the model is significant. As the value of Prob > F of all terms is less than 0.050, this
suggests that all the model terms are significant. Based on their F-values, the PVDF concen-
tration term (A) has the highest influence on the model, followed by PAC concentration
term, and lastly the combination term. The term of PAC concentration presents a positive
effect on pure flux, while the other two terms have been found to be negative influencers.
Hence, the pure water flux was raised only with enhancing PAC contents in the membrane
while, in contrast, it is decreased with the increasing of the PVDF content of a membrane.
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Table 4. ANOVA results and quadratic models of PVDF-PAC membranes for pure flux and max. TMP.

Source
Pure Flux (L/m2·h) Max. TMP (bar)

F-Value Prob > F F-Value Prob > F

Model 53.56 <0.0001 (S) a 49.62 <0.0001 (S) a

A-PVDF (wt.%) 144.45 <0.0001 131.07 <0.0001
B-PAC (wt.%) 11.86 0.0073 13.01 0.0057

AB 4.38 0.0658 4.78 0.0566
A2 - - - -
B2 - - - -

Lack of Fit 5.18 0.0681 (NS) b 3.38 0.1307 (NS) b

Std. Dev. 7.36 Std. Dev. 0.041
Mean 70.03 Mean 0.63

R2 0.9470 R2 0.9430
Adj R2 0.9293 Adj R2 0.9240
C.V. % 10.50 C.V. % 6.56

Model equation coded, (wt.%) +70.03 −41.68 * A +11.94 * B −7.70 * A * B +0.63 +0.22 * A −0.070 * B −0.045 * A * B
a Significant. b Not significant.

On the other hand, the suggested model of max. TMP was significant with a high
F-value (49.62), as can be seen from Table 4. Based on its effect on the model from
the highest to the lowest, the model terms can be arranged as follows: PVDF content,
PAC content, and the combination of both, with F-values of 131.07, 13.01, and 4.78,
respectively. However, the PVDF concentration is the only factor which showed a
positive influence on the max. TMP, due to the positive sign of its term; this indicates
a worse impact on the max. TMP, as it could be increased with the increasing of PVDF
content on the fabricated membrane. On the other hand, PAC concentration exhibited a
better effect on the max. TMP, which showed a reduction in max. TMP occurred due to
the increasing of the PAC content.

Additionally, both of the models display a non-significant lack of fit F-value, which
indicates that well fitted models have been selected to present the experimental results
with minor pure errors [15].

The R2 values obtained in the present study for pure flux and max. TMP were 0.9470
and 0.9430, respectively. The high value of R2 represents good agreement between the
observed and the calculated results within the experimental ranges [37]. Moreover, C.V. %
for the water flux and TMP were 10.50% and 6.56%, respectively. Where these small values
indicate good fitness of the models [51].

Based on these findings, the resulted response surface models in the current work for
predicting the two responses (pure flux and max. TMP) were considered reasonable.

The influence of integrated PAC and the interaction of content’s concentrations on the
max. TMP can be explored by the plots of perturbation and 3D response surface, as shown
in Figure 7. From perturbation plots at Figure 7, it is easy to notice that pure flux and max.
TMP responses are very sensitive to the experimental factors, and to conclude that both
have a different (inversed) behaviour regarding the PVDF and PAC concentration values.
As can be seen from Figure 7a, increasing of PVDF concentration (A) resulted in a linear
decrease in pure water flux and increase in max. TMP, which attributed to the reduction in
membrane porosity due to the increase in polymer concentration, which is well recognized
for the system of a single polymer casting solution [50]. However, PAC concentration (B)
showed a different effect, as any increase in its value causes a linear increment on the pure
water flux, but a decrease in max. TMP.
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Figure 7. Perturbation plots (left) and 3D response surface (right) of PVDF-PAC fabricated membrane for (a) pure water
flux and (b) max. TMP.

Minimum and maximum predicted pure fluxes (26.0 and 128.5 L/m2·h) were found
at the membrane compositions of 18.0 wt.% PVDF with 0.0 wt.% PAC, and 10.0 wt.%
PVDF with 2.0 wt.% PAC, respectively. On the other hand, lowest and highest max. TMP
according to the suggested model were found to be 0.38 and 0.98 bar at membranes of
compositions (10.0 wt.%) PVDF with (2.0 wt.%) PAC, and 18.0 wt.% PVDF with 0.0 wt.%
PAC, respectively. From the findings, membranes with lower PVDF concentration and high
PAC concentration (10.0 wt.% PVDF and 2.0 wt.% PAC) exhibited the best water permeation
and antifouling properties. Nonetheless, this membrane still falls short to produce the
highest removing rates of COD, colour, and NH3-N based on the previous discussion.

3.4. Fabricated Membrane Characterization

The morphology of produced membrane can explain the effect of dope composi-
tion on membrane performance. A collection of membranes composed from different
concentrations of PVDF and PAC (wt.%) were chosen from the fabricated membranes to
represent the different membrane compositions, and consequently to be investigated by
the morphological studies. These membranes were: FM1 with the content of (10.0 wt.%
PVDF-0.0 wt.% PAC) to represent minimum PVDF concentration with no PAC; (10.0 wt.%
PVDF-2.0 wt.% PAC) to represent minimum PVDF with high PAC, denoted as FM2;
(14.0 wt.% PVDF-1.0 wt.% PAC) to represent intermediate composition of both PVDF and
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PAC, named FM3; and finally FM4 with 18.0 wt.% PVDF and 0.0 wt.% PAC to represent
maximum concentration of PVDF without PAC.

The FTIR spectrum of PVDF-PAC fabricated membranes with the various compo-
sitions is illustrated in Figure 8. It is clearly observed from Figure 8 that membranes
displayed semi-typical distinctive spectra along the range of 4000 and 400 cm−1. Char-
acteristic chemical groups are witnessed in the band of all membranes at waves with
lengths 3020, 2990, 2370, 1400, 1070, 875, 590, and 490 cm−1 with altered vibrations of
strength depends on the different membrane compositions. The spectrum shows bands
at 2990 and 3020 cm−1 which are attributed to the symmetric and asymmetric stretching
vibrations of C-H coming from ketones and carboxylic acids [54], where vibrations at 1070
and 1400 cm−1 presented the deformation peaks of C-F related to PVDF.

 
Figure 8. FTIR spectra for PVDF-PAC membranes with different concentrations.

The notable peaks of the various membranes at 2370, 875, and 590 cm−1, assigned
to CO2, CO3

−2, and C-O- groups, respectively, were the features distinctive of neutral-
ization methanol, used after membrane casting [55]. Moreover, the OH group detected
at 490 cm−1 is attributed to the DW used for membrane solidification during the casting
process [56]. Figure 8 also confirmed that the recorded wave numbers in the spectrum of
both membranes without PAC (FM1 and FM4) have higher frequencies in comparison with
the spectrums of the other two membranes with PAC content (FM2 and FM3).

Furthermore, it could be observed that the peaks of the membrane with higher content
of PAC (FM2) have lower vibrations compared with the membranes with lower PAC con-
tent (FM3). Evidently, the peaks become narrow with less strength at the increasing of PAC
weight, indicating that the hydrogen bonds were constructed well between PVDF polymer
chains and the hydroxyl groups from PAC, which reduces the PVDF hydrophobic ten-
dency [57]. These outcomes confirmed that PAC was well integrated to PVDF membranes,
and partially relocated on the membrane surface, which leads to membrane treatment
efficiency enhancement.

To investigate the elemental composition present in the fabricated PVDF-PAC mem-
branes with different compositions, EDX analysis was recorded in the binding energy
region from 0 to 15 keV as exhibited in Figure 9. The PVDF characterized elements C
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and F were clearly observed in the spectra of the pure PVDF membranes (without PAC),
while the AL element, which characterizes the presence of PAC, appeared only at the
PVDF membranes incorporated with PAC [33]. Figure 9b,d shows the EDX analysis of
2.0 and 1.0 wt.% PAC, respectively. It is clearly witnessed that the presence of PAC was
presented well.

Figure 9. EDX analysis for the selected PVDF-PAC fabricated membranes with different compositions: (a–d) for (FM1–FM4).

Table 5 shows the atomic percentages of the different elemental compositions of
the selected membranes (FM1–FM4). From the EDX findings, the weight percentages of
elemental AL on the FM2 and FM3 were determined as 1.04 and 0.79, respectively, which
confirmed the presence PAC with representative weights on the integrated membranes.

Table 5. Elemental compositions of selected PVDF-PAC fabricated membranes based on EDX mapping.

Sample
Composition (wt.%) Elements Weight (%)

PVDF PAC C F AL Total

FM1 10.0 0.0 61.69 38.31 0.00 100.00
FM2 10.0 2.0 60.85 38.11 1.04 100.00
FM3 14.0 1.0 61.04 38.17 0.79 100.00
FM4 18.0 0.0 60.63 39.37 0.00 100.00
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Figure 10 presents the FESEM images for produced membranes with different com-
positions, which show the top surface morphology of membranes, along with its cross
section. As can be seen from Figure 9a–d, there were many small pores available on the
surface of FM1 membrane which contains the lowest PVDF polymer content (10.0 wt.%).
Furthermore, the number and size of these pores start to be decreased, first on membrane
FM3, with PVDF content 14.0 wt.% and PAC content 1.0 wt.%, followed by FM2 membrane
with the highest PAC content (2.0 wt.%), while the membrane FM4 has a semi-impermeable
surface due to its high PVDF polymer content (18.0 wt.%) with no PAC content. This was
in agreement with the findings earlier discovered by Kunst and Sourirajan [58].

Figure 10. FESEM morphologies of PVDF-PAC membranes with different compositions (FM1 to
FM4): (a–d) cross-sections and (A–D) top surfaces.
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Referring to membrane cross sections on Figure 10a–d, all membranes display the
formation of macrovoid with loosely packed structures. Typically, the membrane consists
of two layers, which are a spongy porous support layer and a dense top finger-like layer.
The establishment of these configurations can be attributed to the instantaneous demixing
of polymer and solvent during the process of phase inversion.

FM1 membrane, with only PVDF and the weight of 10.0 wt.%, displayed an unim-
proved finger-like formation and a sponge-like support layer containing large, unconnected
pores, delimited by polymer walls (see Figure 10a). The finger-like voids turn become
flat, bigger, and even strained to the bottommost of the fabricated membranes with an
increase in PAC concentration (i.e., in FM2 and FM3), and the spherical voids of the sponge-
like structures connect more closely with themselves (Figure 10b,c). However, the FM4
membrane, containing the highest concentration of PVDF, gives thin, smaller, and non-
stretched figure-like pores, with less connection to the little sponge-like pores located on
the cross-section’s bottom. This produces low membrane flux due to the greater amount of
polymer contributing a higher membrane viscosity, which lead to a decease in the mem-
brane porosity and pore size. The overall FESEM micrographs have proved the significant
effect of the PAC presence in improving the fabricated membrane characteristic in terms of
membrane rejection, and therefore removal rate of contaminants.

Furthermore, an AFM test was carried out to investigate the membrane top surface,
along with its roughness, as shown in Figure 11. The FM2 membrane might contain some
extra PAC particles which made its top surface rougher compared to others (Figure 11b).
Having less depth of facial peaks and valleys, the FM4 membrane surface (Figure 11d) is
relatively smooth due to containing only PVDF polymer which received a homogeneous
mixing at the preparation phase of dope solution [59]. However, the peaks and valleys
of FM1 and FM3 membranes reduced gradually compared to FM2, where FM3 has the
smoothest surface compared with other membranes (see Figure 11a–d). To confirm all
above observations, the values of membrane surface roughness (Rq and Ra) given in
Figure 11 can be considered.

 
Figure 11. AFM top surface images with average membrane roughness values (nm) for different
compositions of selected PVDF-PAC membranes: (a–d) for (FM1 to FM4).
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For membrane permeability analysis, the impact of PAC addition to membrane perme-
ability, in terms of porosity and average pore size, were evaluated for the produced PVDF
membranes. As presented in Table 6, the porosity and average pore size of the fabricated
PVDF membranes incorporated with PAC were higher than the other membranes without
PAC. Based on Table 6, the resulted fabricated membranes were “micro-filtration”, and the
highest mean values of porosity and average pore size were achieved by FM2 membrane at
the values 77.48% and 24.43 μm, respectively. On the other hand, the lowest values of the
same corresponding permeability parameters were found using membrane FM4 at 48.38%
and 12.15 μm, respectively. These findings agreed with the above morphological results.

Table 6. Permeability measurements for selected fabricated PVDF-PAC membranes.

Membrane Composition Porosity Average Pore Size

PVDF PAC (%) a (μm) a

FM1 10.0 0.0 57.25 ± 0.18 15.34 ± 0.05
FM2 10.0 2.0 77.48 ± 0.50 24.43 ± 0.15
FM3 14.0 1.0 72.86 ± 0.20 21.27 ± 0.07
FM4 18.0 0.0 48.38 ± 0.62 12.15 ± 0.24

a Each parameter is expressed as average value ± standard deviation.

3.5. Membrane Treatment Optimization

The best synthesized membrane has been selected using the RSM tool, where the mem-
brane efficiencies of COD, colour, and NH3-N removal were optimized during this study.

Based on the DoE software, the operational conditions (PVDF weight and PAC weight)
were targeted to be within the range. While the dependents of treatment performance
(COD, colour, and NH3-N removal) were chosen as ‘’maximum” to achieve the ultimate
filtration treatment. The other responses were remained “within the range”. Accordingly,
the optimization tool assimilates the singular desirability into a particular number, and
then aims to optimize the function.

Consequently, the composition of the optimum membrane, together with respective
rates of removal efficiency, were obtained. The optimum removals and their corresponding
water flux and max. TMP are presented in Table 7.

Table 7. Predicted and experimental removal efficiencies of the optimum PVDF-PAC membrane with
the corresponding operating condition.

Operating Conditions Desirability Optimum Conditions

PVDF (wt.%) PAC (wt.%)

14.90 1.00 0.870 Selected

Response
Predicted

Result
Experimental

Result
Error (%)

Removal of COD (%) * 35.34 36.63 3.65
Removal of colour (%) * 48.71 49.50 1.62
Removal of NH3-N (%) * 22.00 23.84 8.36
Pure water flux (L/m2·h) 61.00 61.10 0.16

Max. TMP (bar) 0.67 0.64 4.48
* Optimum value.

The membrane with 14.9 wt.% of PVDF and 1.0 wt.% of PAC was found to be the
optimum, and thus selected as the best membrane design, having optimum removal
efficiency according to its highest desirability (0.870) [60].

As shown in Table 7, 35.34, 48.71, and 22.00% removal of COD, colour and NH3-
N, respectively, was predicted by the software under optimized operational conditions.
The corresponding (non-optimized) water flux and max. TMP were found at the val-
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ues 61.00 L/m2·h and 0.67 bar, respectively. An additional experimentation was then
performed to confirm the optimum findings.

As illustrated in Table 7, the error column indicates the differences between the
predicted and laboratory values, which shows that the lab experiments agree well with the
response values estimated by the software. However, less agreement between the predicted
and the laboratory result was obtained in case of NH3-N removal (8.36% error).

3.6. Membrane Performance Comparison with Other Reported Studies

The performance of the optimum fabricated membrane with other reported PVDF pro-
duced membranes is shown in Table 8. It can be noticed from Table 8 that the current study
offered the smoother surface among the existing works based on the average roughness
(Ra = 36.39 nm), which accordingly improves the removing performance and antifouling
properties of the created membrane [61]. There exists few values of pure flux that are
higher than the achieved in the current work, such as the flux of 143.24 L/m2·h produced
by Penboon et al. [62]. The low value of pure water flux of the current work (61.00 L/m2·h)
could be ascribed to the differences in the experimental characteristics such as the type of
wastewater or the rates of feed flow. In addition, the rejection efficiency in the current work
is lower than previously reported, which could be solved through further enhancement of
the produced membranes using hydrophilic additives such as PVA or PVP [25,57]. Based
on previous studies, after saturation, membrane corroborated PAC can be washed back
and reused [13,63].

Table 8. Comparison of performance with other modified PVDF membranes in wastewater treatment process.

Modification Agent
Pure Water Flux

(L/m2·h)

Feed Type &
Feeding Rate

(L/min)

Removal Rate
Avg. (%)

Roughness (nm) Reference

Titanium dioxide (TiO2) 143.24 Wastewater
FR = 0.850 86.1 - [62]

Granular activated
carbon (GAC) 13.90 Berlin tap water

(Gravity driven) 88.0 - [64]

Silica
nanoparticles (SiO2) -

Cooking
wastewater
FR = 48.96

66.7 Ra = 174 [65]

Reduced graphene
oxide (rGO) - NaCl solution

FR = 0.385 58.0 Ra = 84 [66]

Powdered activated
carbon (PAC) 61.00 SLF leachate

FR = 0.20 35.35 Ra = 36.39 Present study

4. Conclusions

The adsorbent material PAC was used to fabricate a novel PVDF membrane for
the treatment of stabilized landfill leachate. The fabricated PVDF flat sheet membranes
integrated with PAC showed better performance when compared with PVDF membrane
(without PAC). The addition of PAC effectively enhanced the removal rate and the fouling
control parameters of produced membranes. Increasing PAC content to a certain value has
a positive influence on the removal efficiency of COD, colour, and NH3-N, as well as on
membrane characteristics. Operational optimization was performed using RSM to select
the optimum membrane design in terms of the removal efficiency. The best membrane
composition was found at (14.9 wt.%) PVDF and (1.0 wt.%) PAC, which removed 36.63%
of COD, 49.50% of colour, and 23.84% of NH3-N. This was in agreement with the predicted
removals. The corresponding experimental values of water flux and max. TMP also
agreed with the prediction, with the values of 61.10 L/m2·h and 0.64 bar, respectively.
The performance and structure of fabricated membranes were investigated by filtration
tests, FTIR, FESEM, and AFM spectroscopy. In general, this work shows the potential of
treatment and hydrophilic improvement of hydrophobic PVDF polymer membranes using
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PAC. For further removal efficiency, membrane properties or practice could be improved by
either adding a hydrophilic material, or applying pre-treatment process such as adsorption
via PAC.
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Abstract: Poultry slaughterhouses produce a large amount of wastewater, which is usually treated by
conventional methods. The traditional techniques face some challenges, especially the incapability of
recovering valuable nutrients and reusing the treated water. Therefore, membrane technology has
been widely adopted by researchers due to its enormous advantages over conventional methods.
Pressure-driven membranes, such as microfiltration (MF), ultrafiltration (UF), nanofiltration (NF),
and reverse osmosis (RO), have been studied to purify poultry slaughterhouse wastewater (PSWW)
as a standalone process or an integrated process with other procedures. Membrane technology
showed excellent performance by providing high efficiency for pollutant removal and the recovery of
water and valuable products. It may remove approximately all the pollutants from PSWW and purify
the water to the required level for discharge to the environment and even reuse for industrial poultry
processing purposes while being economically efficient. This article comprehensively reviews the
treatment and reuse of PSWW with MF, UF, NF, and RO. Most valuable nutrients can be recovered
by UF, and high-quality water for reuse in poultry processing can be produced by RO from PSWW.
The incredible performance of membrane technology indicates that membrane technology is an
alternative approach for treating PSWW.

Keywords: poultry slaughterhouse wastewater; microfiltration; ultrafiltration; nanofiltration; re-
verse osmosis

1. Introduction

Water is essential for all lives and a natural resource at the core of sustainable de-
velopment. It is critical for socio-economic prosperity, healthy ecosystems, and human
survival. Unfortunately, water is a finite and irreplaceable resource in time and space. The
increase in water consumption has made water management a priority. On the other hand,
improper wastewater treatment in some regions has intensified the inadequate discharge
of wastewater into the environment and augmented natural water resource pollution. As
a result, progressively stricter standards for effluent discharge worldwide have changed
the target from wastewater disposal to water reuse and recycling, leading to advanced
wastewater treatment technologies, which can recycle and reuse wastewater [1].

Food industries such as dairy, beverage, vegetable, fruit, oilseed, seafood, poultry,
and other types of meat consume a high volume of freshwater. Among them, the poultry
industry is at the top [2]. From 2018 to 2019, the world poultry market increased by 6%
due to an increase in the per capita poultry consumption, which corresponds to 58 kg per
person in the U.S., 57 kg per person in Brazil, and 48 kg per person in Peru. The high
demand for poultry meat correspondingly increases freshwater consumption by poultry
processing plants [3].

Poultry slaughterhouses discharge massive amounts of wastewater into the envi-
ronment because of their high freshwater usage for the continuous operations of cutting

Water 2021, 13, 1905. https://doi.org/10.3390/w13141905 https://www.mdpi.com/journal/water

143



Water 2021, 13, 1905

up, rinsing, and packaging meat. Other operations in poultry slaughterhouses such as
scalding, de-feathering, evisceration, and bird wash are also water-intensive and generate a
significant amount of wastewater. The eviscerating step and bird wash generate enormous
wastewater, at 7.57 L/bird and 4.35 L/bird, respectively, as shown in Figure 1. On average,
a 2.3 kg bird consumes 26.5 L of water [4,5]. The wastewater is highly contaminated with
organic matter quantified as biochemical oxygen demand (BOD) and chemical oxygen
demand (COD). It also contains high nitrogen and phosphorous constituents, including
blood, fats, oil, grease, and proteins [6]. Thus, discharging improperly treated poultry
slaughterhouse wastewater (PSWW) has a high risk of polluting freshwater sources. It
can also cause serious environmental and health concerns such as deoxygenation of rivers,
groundwater contamination, eutrophication, and the spread of water-borne diseases [7,8].

Figure 1. Water consumption during poultry processing in the poultry slaughterhouse.

Generally, PSWW is treated by physical, chemical, and biological methods. These
conventional techniques are only responsible for discharging the treated water into the
environment without recycling it. Besides, they face some challenges, such as lack of
nutrient recovery, frequent use of chemical cleaning agents, and the degradation of valu-
able compounds in wastewater. Therefore, unconventional methods, e.g., pressure-driven
membrane technologies, are being explored for PSWW treatment. These membrane fil-
tration technologies can include microfiltration (MF), ultrafiltration (UF), nanofiltration
(NF), and reverse osmosis (RO) [9,10]. They can overcome some limits of the conventional
methods by removing colloids and suspended and macromolecular matter, and eliminat-
ing mineral substances and low-molecular organic compounds. Membrane filtration is
a physical process that provides great separation efficiency and improves final product
quality. Most importantly, membrane technology can produce water clean enough for the
reuse of the treated water in industrial poultry processing. Furthermore, it can recover a
fair amount of valuable nutrients, e.g., proteins, which could be utilized as animal feed,
thus supplementing the global protein demand for animals [9,11,12].
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This review identifies membrane technologies for advanced PSWW treatment. It
evaluates the quality of treated water based on pollutant removal efficiency and the degree
of permeate produced to meet the environmental regulation of discharging and recycling
standards. In addition, we highlight the potency of membrane technologies to recover
valuable nutrients from PSWW, which is not achieved by traditional methods.

2. Characteristics of Poultry Slaughterhouse Wastewater

Before any wastewater treatment, it is critical to characterize the wastewater to show
pollutant levels in using some instruments and test reagents [7]. The parameters commonly
used to describe PSWW are pH, COD, BOD, total organic carbon (TOC), total suspended
solids (TSS), total nitrogen (TN), total phosphorus (TP), and pathogens [13,14]. COD
indicates the amount of organic compounds in wastewater; a high concentration of COD
suggests a large amount of oxidizable organic substances in the wastewater. Similarly, BOD
indicates the biological oxidation of organic compounds, and a high BOD level also signifies
large quantities of organic pollutants in wastewater. Nutrients in wastewater are TN and
TP; nitrogen in wastewater is available in the organic form, primarily present in proteins,
and the inorganic form, which includes nitrite (NO2

−) and nitrate (NO3
−). The most

stable type of nitrogen in water is nitrate that originates from a natural decaying process
of biological matter. Excessive nitrates in wastewater can lead to harmful algae bloom,
oxygen depletion, fish poison, and putrid odors. Moreover, in wastewater, orthophosphate
(PO4

3−) is the most common type of phosphorus, originating from disinfectants and
cleaning agents; high phosphorus constituents in wastewater may prompt eutrophication.
To reduce phosphorus in wastewater, a practical and straightforward technique is chemical
precipitation [15]. These parameters vary from one slaughterhouse to another due to
many factors, such as system type, operation method, and processing capacity [9]. The
characteristics of PSWW, effluent discharge standards, and water reuse applications are
tabulated in Table 1. It is required to treat PSWW to or below the standard limits because
these measured parameters of raw PSWW are much higher than the acceptable standards
by the World Health Organization (WHO) and other regulations [16].
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3. Conventional Treatment of Poultry Slaughterhouse Wastewater as Pretreatment
Prior to Membrane Separation

The conventional treatment for PSWW is similar to municipal wastewater treatment,
consisting of preliminary, primary, and secondary treatments. There are various combined
treatment methods after preliminary treatment, and the most common combination is
physicochemical treatment as primary and biological treatment as secondary, as described
below [18]. Prior to PSWW membrane filtration, some conventional treatment is necessary
as pretreatment to alleviate membrane fouling and improve overall membrane performance.
Without proper pretreatment, membranes will suffer severe membrane fouling, hindering
the membrane performance, and some heavy fouling could even cause membrane failure.
For example, Meiramkulova et al. [21] investigated the performance of an integrated
membrane process with electrochemical pretreatment on PSWW purification, and their
findings showed that the electrochemical pretreatment was highly efficient at reducing
turbidity, color, TSS, COD, and BOD by 71–85%. In addition, the pretreatment resulted in a
low rate of cake formation on the membrane [21].

3.1. Preliminary Treatment

The preliminary treatment removes suspended solids from PSWW; the most common
preliminary treatment uses screeners, sieves, and strainers. A typical wire mesh screen
retains solid fraction with a size of 10–30 mm. Rotary screeners extract solids greater than
0.5 mm diameters; they also protect the equipment from fouling, clogging, and jamming.
In preliminary treatment, 60% of suspended solids and 30% of BOD are removed from
PSWW. Other preliminary methods are catch basins, flotation, equalization, and settlers [1].

3.2. Primary Treatment

After the preliminary treatment, PSWW goes through primary treatment in which
the physiochemical process eliminates BOD, COD, oil, grease, fats, and residual TSS. The
typical primary methods are dissolved air flotation (DAF), electrocoagulation, coagulation-
flocculation, and sedimentation [18].

3.2.1. Dissolved Air Flotation

DAF is a separation of solid from liquid in which air is introduced into PSWW from
the bottom of the tank, resulting in moving the light solids, grease, and fats on the surface,
creating a sludge blanket. The efficiency of a DAF system can be improved by adding
polymers and other flocculants. Generally, DAF’s efficiency at removing BOD and COD
is 30–90% and 70–80%, respectively [1]. Additionally, DAF removes suspended solids
from PSWW in the range of 38–70%, and it eliminates fats in the range of 63–95%. The
drawbacks of DAF are regular malfunctioning and poor TSS separation [2].

3.2.2. Coagulation-Flocculation and Sedimentation

In the coagulation process, the colloidal particles present in the PSWW are grouped
with large particles to form flocs. Those colloidal particles are nearly negatively charged, so
they can be destabilized by adding positively charged coagulants to rescind the formation
of flocs and ease the sedimentation process [18]. Previous research showed that this process
could remove oil, grease, and TSS by up to 85%, and the removal efficiency was reported
as 62–78.8% of BOD and 74.6–79.5% of COD [22]. However, this process results in toxicity
and health hazards, inefficient removal of heavy metals and emerging contaminants, and
an increase in effluent color [23].

3.2.3. Electrocoagulation

Electrocoagulation (EC) is an advanced method for removing large amounts of pol-
lutants from wastewater, such as organics, heavy metals, and pathogens, using electric
current. The EC process generates M3+, Fe3+, or Al3+ ions using different electrode mate-
rials; the most commonly used electrodes are Al and Fe [18]. EC is a three-step process.
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In the first step, electrolytic oxidation forms metal hydroxides and oxyhydroxides at the
sacrificial electrode. Then, the produced coagulants destabilize and adsorb the pollutants.
Finally, flocs formed by aggregation of the destabilized phase are removed by a down-
stream sedimentation and filtration process [24]. The EC sets up sacrificial anodes that need
to be changed regularly, and chlorinated toxic compounds can form if chlorine is present.
In some regions where electricity is expensive, the cost of operating EC is high [25].

3.3. Secondary Treatment

The pollutants present in wastewater that are not removed by primary treatment
are further treated by secondary treatment. The main goal of secondary treatment is the
removal of organic compounds to reduce the BOD level. In the secondary treatment, the
biological process, aerobic and anaerobic digesters are used for treating PSWW [1]. In both
treatments, organic matter is degraded into simple compounds with the help of decom-
posers, where the efficiency of the decomposers depends on the quality of wastewater [2].

3.3.1. Anaerobic Digestion

In biological treatment, anaerobic digestion of organic waste, sludge, and high-
strength wastewater is a widespread technique [26]. The anaerobic system’s primary
goal is to reduce high-level BOD [27]. Anaerobic digestion consists of hydrolysis, aci-
dogenesis, acetogenesis, and methanogenesis steps. With the help of a diverse group of
microorganisms (bacteria and archaea), complex organic compounds are degraded in the
absence of oxygen. The degradation rate relies primarily on various bacterial activity
rates [26]. In the anaerobic treatment, organic compounds are broken down into methane,
water, and carbon dioxide by anaerobic bacteria in an anaerobic environment [28]. How-
ever, PSWW usually has high organic strength, which can negatively affect the anaerobic
process’s performance. Therefore, an anaerobic system for PSWW is often followed by
additional treatment to remove TP, TN, and pathogenic microorganisms [2].

3.3.2. Aerobic Digestion

The main goal of aerobic digestion is nitrification [27]. Aerobic digestion uses oxy-
gen to break down organic matter and other pollutants; it degrades ammonia or other
organic matter into less harmful compounds like carbon dioxide, water, and nitrate. The
oxygen and time needed for this treatment depend on the organic strength of PSWW.
Aerobic digestion is usually applied as the last nutrient removal when using anaerobic
techniques for the decontamination of sludge water. Some drawbacks of aerobic digestion
are daily maintenance, excess biomass production, and increased demand for oxygen and
electricity [26].

4. Membrane Technology for Poultry Slaughterhouse Wastewater

Pressure-driven membrane processes such as MF, UF, RO, and NF are widely studied
for wastewater treatment throughout the world. Pressure-driven membranes rely on
hydraulic pressure to achieve separation [29]. Membrane filtration is one of the most
emerging technologies to produce high-quality water because it utilizes zero chemical
constituents and offers enormous advantages over conventional methods. Several research
groups have reported the use of membrane technology for PSWW treatment [12]. Jason
et al. [30] first used membrane technology for PSWW treatment with recovering nutritional
by-products in the 1980s; they experimented on a laboratory scale with a commercial
tubular UF membrane with a molecular weight cut-off (MWCO) of 50 kDa. The study
reported that the membrane technology produced permeate with a significant reduction
of 85% of TS and 95% of COD; the permeate was believed to be safe for discharge and
potential reuse. In addition, it recovered 24–45% of fat and 30–35% of protein as by-
products. Since then, some scientists have experimented with membrane technology for
PSWW treatment used as a standalone or an integrated process. The available literature on
membrane applications in PSWW treatment is mainly based on UF membranes; in a few
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other research activities, such as MF, NF, RO, and membrane distillation, experiments have
also been carried out. All the studies conducted on PSWW using membrane technology
showed excellent performance in separation efficiency and compliance with environmental
regulations.

4.1. Characteristics of Pressure-Driven Membrane

A pressure-driven membrane separates the feed into concentrate and permeate using
the pressure difference as a driving force to transport the liquid or gas. Pressure-driven
membranes such as MF, UF, NF, and RO membranes differentiate based on their charac-
teristics [31]. The most important characteristics of pressure-driven membranes are pore
size, structure, and operating pressure, as presented in Table 2. In reference to structure,
membranes can be divided as symmetrical or asymmetrical; symmetrical membranes show
uniform pore sizes in their cross-section, whereas asymmetrical membranes’ pore size gets
larger farther from the filter surface [11]. All the pressure-driven membranes are asym-
metrical except for some MF membranes [32]. As shown in Figure 2, an MF membrane
has the largest pore, highest permeability, and it can reject large suspended particles. A
UF membrane has a smaller pore size and lower permeability than MF membranes and
can separate small suspended particles and macromolecules. An NF membrane has the
properties of the second smallest pore size, the high rejection of multivalent ions, but the
low rejection of monovalent ions. In contrast, an RO membrane has a very high rejection
of monovalent ions. It can be seen that as the pore size becomes smaller, the operating
pressure increases [31]. For PSWW treatment, the membranes are chosen according to the
pollutant levels in PSWW. A UF membrane is used to remove a substantial amount of
suspended solids present in PSWW, and an RO membrane can eliminate all the pollutants,
such as BOD, COD, TSS, salts, etc.

Table 2. Characteristics of pressure-driven membranes [29,32–34].

Reverse Osmosis Nanofiltration Ultrafiltration Microfiltration

Structure Asymmetrical Asymmetrical Asymmetrical Symmetrical,
Asymmetrical

Pore size <0.001 μm 0.001–0.002 μm 0.002–0.05 μm 0.05–10 μm

Rejection All contaminants,
including monovalent ions

Pigments,
sulfates, divalent
anions, divalent
cations, lactose,
sucrose, sodium

chloride

Proteins, pigments, oils,
sugar, micro-plastics

Bacteria, fat, oil, grease,
colloids, microparticles

Membrane material(s) CA, PS CA, PA
PVDS, PS, poly

(acrylonitrile), poly
(ether sulfone)

PVDS, PS, poly
(acrylonitrile), poly (ether

sulfone), nylons, poly
(tetrafluoroethylene), CA,

cellulose nitrate

Membrane module
Tubular,

spiral wound,
plate-and-frame

Tubular,
spiral wound,

plate-and-frame

Tubular,
hollow fiber

spiral wound,
plate-and-frame

Tubular, hollow fiber,
plate-and-frame

Operating pressure 10–100 bar 5–20 bar 1–10 bar 0.1–2 bar

Most membranes for MF, UF, RO, and NF are made from synthetic organic polymers.
MF and UF membranes are usually produced from the same materials under different
membrane formation conditions to achieve different pore sizes. The commonly used
polymers for MF and UF membranes are PVDF, PS, poly (acrylonitrile), poly (ether sulfone),
and copolymers of poly (acrylonitrile) and PVDF. The materials used for MF membranes
also include nylons, poly (tetrafluoroethylene), polypropylene, polyethylene, and blends
of CA and cellulose nitrate. NF membranes are made from CA blends or PA composites,
whereas RO membranes are produced from CA or PS coated with aromatic PA. Moreover,
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ceramic and metals are used to create inorganic membranes. Ceramic membranes are
microporous, thermally stable, chemically resistant, and mostly used for MF, UF, and
NF [31,33]. Metallic membranes are usually fabricated from stainless steel and can be very
finely porous. The most common configurations of membrane modules are plate-and-
frame, spiral wound, tubular, and hollow fiber.

Figure 2. Schematic representation of pressure-driven membranes.

4.2. Microfiltration

The pore size of MF membranes is in the range of 0.05–10 μm, and the operating
pressure of MF is between 0.1 and 2 bar for separating colloids and particles, reducing the
effluent’s turbidity and COD [34,35]. MF membranes have been used widely in industries
such as liquid clarification and wastewater treatment, especially as an initial filtration stage
for wastewater treatment [36]. Goswami and Pugazhenthi [12] evaluated the performance
of fly ash tubular MF membranes with a pore size of 0.133 μm and porosity of 40.17% for
PSWW treatment. The study revealed that the MF membrane produced a filtrate with zero
turbidity and almost 100% removal of COD and TSS, thus satisfying the COD and TSS
norms for discharging and reusing, which can help attenuate the water shortage crisis.
A study was led by Marchesi et al. [37] to recycle the pre-chiller wastewater generated
from the poultry carcass chilling process by using MF membranes. Both hollow fiber PA
membrane with a pore size of 0.20 μm on a bench scale and spiral-wound membrane
with a 0.1 μm pore size on a pilot scale provided complete retention of turbidity, apparent
color, fat, and microorganisms. The rejection efficiency was up to 92.5% of COD, up to
89.1% of TOC, and 100% of microorganisms; it was stated that the use of membranes
was a promising approach for the recycling and reuse of poultry pre-chiller wastewater.
Abboah-afari and Kiepper [38] investigated the effects of pore size on the performance of
MF membranes for the treatment of pre-DAF poultry processing wastewater. The results
indicated that the 0.3 μm PVDF membrane was the most effective among the three tested
membranes (0.3 μm PVDF, 0.1 μm PS, and 100,000 MWCO Ultrafilic). In detail, the 0.3 μm
PVDF achieved a maximum mean permeate flux of 115 L/m2/h, and the removal efficiency
was 88% of COD and 34% of TS. Moreover, in their other research work, they identified the
0.3 μm PVDF membrane as an alternative to DAF in poultry processing wastewater [39].
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4.3. Ultrafiltration

The pore size of UF membranes is in the range of 0.002–0.05 μm, and the operating
pressure of UF is between 1 and 10 bar for separating macromolecules and suspended
solids [34]. The UF process has been extensively explored for PSWW treatment due to its
significant advantages, such as low pressure, high permeate flux, cost-effectiveness, and the
capability to eliminate pathogens that are very harmful to PSWW recycling [40]. The UF’s
transport properties are influenced by concentration polarization, fouling, and interactions
between the feed stream and the membrane [9]. The UF process is considered an economical
and environmentally friendly substituent for conventional wastewater treatments by some
researchers [9]. Coskun et al. [41] studied the PSWW treatment using laboratory-scale
membrane processes. Their study reported that UF as pretreatment improved the removal
efficiencies for NF and RO processes; NF reduced almost 90% of COD, RO removed 97.4%
of COD, and the UF pretreatment resulted in higher final fluxes 8.1 and 5.7 times more
for NF and RO, respectively, than for those without UF. Yordanov et al. [9] examined the
efficiency of a UF 25-PAN membrane for PSWW treatment. The results indicated that UF
exhibited excellent performance by removing 97% of BOD and 94% of COD and that it
also reduced 99% of TSS and 98% of fats. Rinquest et al. [13] treated PSWW using a UF
membrane system for the removal of organic matter and suspended solids coupled with
aerobic single-stage nitrification-denitrification (SSND) and an anaerobic static granular
bed reactor, as shown in Figure 3. The experimental efforts showed that the UF system
further reduced COD and TSS by an average of 65% and 54%, respectively, after SSND. All
the measured parameters of final effluent excluding PO4

3− and NH4
+-N satisfied industrial

wastewater discharge requirements. Moreover, water flux higher than 200 L/m2/h was
obtained by identifying the optimal condition. Mannapperuma and Santos [42] assessed
UF for reconditioning poultry chiller overflow. The UF operation reduced microbial counts
by more than 5.4 log cycles and achieved rejection efficiency of over 73% for COD and
above 99.2% for turbidity. Their results verified that UF produced water acceptable for
reuse in the chiller to replace freshwater makeup. Meiramkulova et al. [20] evaluated
the performance of an integrated PSWW treatment with electrolysis, UF, and ultraviolet
radiation in terms of microbial inactivation from PSWW. The results showed that the
integrated system achieved an overall microbial removal efficiency of 99.86–100%.

 

Figure 3. Static granular bed reactor coupled with single-stage nitrification-denitrification and
ultrafiltration for PSWW treatment (reproduced with permission from [13]: Rinquest, Z.; Basitere, M.;
Ntwampe, S. K. O.; Njoya, M. Poultry Slaughterhouse Wastewater Treatment Using a Static Granular
Bed Reactor Coupled with Single-Stage Nitrification-Denitrification and Ultrafiltration Systems. J.
Water Process Eng. 2019, 29, 100778. https://doi.org/10.1016/j.jwpe.2019.02.018. Accessed on 14
March 2021. Copyright (2019), Elsevier).
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4.4. Nanofiltration

The pore size of NF membranes is in the range of 0.001–0.002 μm, and the operating
pressure of NF is between 5 and 20 bar for separating low molecular weight particles [34].
The NF process is a great separation tool due to its versatile properties, which fall between
UF and RO. It removes a large amount of multivalent inorganic salts and small organic
molecules while operating at a moderate pressure; the moderate operating pressure makes
the separation process consume little energy and is cost-effective [43]. Therefore, it has
been applied to various industrial sectors for wastewater treatment, e.g., water recycling
during fishmeal, lupin bean, and textile processing [44–46]. A few researchers explored NF
for PSWW treatment by using standalone NF or combining NF with UF. Zhang et al. [10]
evaluated some membrane filtration processes for poultry abattoir wastewater treatment
to recycle the wastewater stream to meet the Canadian poultry wastewater reuse criteria.
Their results showed that both NF membranes (DS: desal thin composite membrane and
NF 45: thin-film composite membrane) produced permeate with less than 100 mg/L of
TOC and gave a reasonable flux of 46 to 66 L/m2/h. The TOC level of permeate produced
by NF satisfied the Agriculture and Agri-Food Canada criteria for recycled water. However,
the tested UF membranes did not meet the TOC criterion, although UF removed all bacteria
and significantly reduced other organic species.

4.5. Reverse Osmosis

The operating pressure of RO is between 10 and 100 bar, and it can remove micro-
particles smaller than 0.001 μm, carbohydrates, amino acids, or even monovalent ions,
including NH4

+, from water [34]. The RO process has widely been used for seawater
desalination since it is the most effective on a large scale [47]. It is shown that combining
biological treatment with RO produces a permeate with a quality superior to the WHO
standards for drinking water [48,49]. Bohdziewicz et al. [50] investigated the application of
membrane processes such as UF and RO to treat the wastewater of the meat industry. The
study revealed that the hybrid system consisting of RO was permissible in the removal
potency of 100% phosphorus and 98.8% nitrogen compounds. The removal efficiency of
COD and BOD both exceed 99%, and only the permeate produced by RO was satisfied for
the reuse in the production cycle. Meiramkulova et al. [51] evaluated the performance of
an integrated process for PSWW treatment on both laboratory and industrial scales; the RO
step was designed to reduce the total salinity of the water. Their results showed that the
removal efficiency was up to 100% of turbidity, color, and TSS, and 99.6% of BOD and COD
for laboratory and industrial testing. Almost all the physical and chemical parameters of
the produced water were within the recommended standards set by legislation. The water
purified on an industrial scale was certified as excellent quality in terms of Kazakhstan’s
drinking water quality standards.

4.6. Membrane Bioreactor

A membrane bioreactor (MBR) is an integrated system with membrane filtration for
the biological degradation of waste present in wastewater. Generally, it is composed of
a biological unit and a membrane module, which separates water from the aerobically
digested water and returns activated sludge to the biological unit, as shown in Figure 4.
The MBRs can remove organic and inorganic contaminants and biological entities from
wastewater [52]. They are widely used for recycling water in buildings, wastewater
treatment for small communities, and industrial wastewater treatment by producing an
effluent free of bacteria and pathogens. Williams [53] treated PSWW using MBR coupled
with a single-stage nitrification-denitrification reactor and an expanded granular sludge
bed reactor (EGSB). The study reported that the overall removal efficiency of the EGSB-
SSND-MBR system was 99% of turbidity, 92% of TSS, and 99% of COD. Fuchs et al. [54]
used a cross-flow MBR for PSWW treatment. The MBR produced effluent with a removal
efficiency of over 90% of COD. Gürel and Büyükgüngör [55] investigated MBR to extract
organic substances and nutrients from wastewater in the slaughterhouse plant. Hollow-

152



Water 2021, 13, 1905

fiber UF membranes with a pore size of 0.03 μm were used in the bioreactor. The removal
efficiency of MBR was reported as 97% of COD, 96% of TOC, 65% of TP, and 44% of TN.
The COD and TOC levels of permeate were 16 and 9 mg/L, respectively, which complied
with the discharge limits of the slaughterhouse plant. Meyo et al. [56] treated PSWW using
a pretreatment stage, an EGSB, and an MBR, and their results showed that MBR as a final
stage treatment further reduced over 95% of TSS and COD.

Figure 4. Schematic representation of an MBR process (reproduced with permission from [57]: Poerio,
T.; Piacentini, E.; Mazzei, R. Membrane Processes for Microplastic Removal. Molecules 2019, 24, 4148.
https://doi.org/10.3390/molecules24224148. Accessed on 15 March 2021. Copyright (2019), MDPI).

4.7. Vacuum Membrane Distillation

Membrane distillation (MD) is a thermal-based membrane separation process that
was introduced in 1963. The driving force in MD is the vapor pressure difference across the
hydrophobic membrane instead of the applied absolute pressure difference [58]. The MD
process can be used for water desalination, removal of organic matter in drinking water
production, water and wastewater treatment, recovery of valuable components, and treat-
ment of radioactive wastes [59]. Vacuum membrane distillation (VMD) is one configuration
of MD in which the permeate side is vapor or water under reduced pressure [60]. Bialas
et al. [61] conducted protein and water recovery from poultry processing wastewater using
an integrating process of MF, UF, and VMD. A hydrophilic PVDF MF membrane was used
in the pretreatment to extract suspended solids from the processing water, and a cellulose
UF membrane was used to isolate soluble protein. During UF, the COD concentration
of the permeate consistently surpassed the maximum permissible level. As a result, at
the final stage, VMD was used. The membrane was a flat-sheet hydrophobic membrane
made of polypropylene with a pore size of 0.2 μm. The study showed that the increase
in temperature and the decrease in downstream pressure led to a considerable increase
in the permeate flux, as shown in Figure 5. The removal efficiency of COD, TSS, TN, and
total organic matter extractable by petroleum ether (TOEM) were very high, exceeding
99%. Moreover, VMD retained 93.3% of protein; the 6.7% loss of protein could have been
due to adsorption of proteins to the membrane surface and denaturation of the proteins
due to the high temperature. In terms of consistency, the permeate obtained through VMD
was comparable to the RO permeate. The integrated process comprising MF, UF, and VMD
made it possible to recover 70% of the water. The performance of VMD along with other
pressure-driven membrane technologies used in the PSWW treatment is summarized in
Table 3.
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Figure 5. Response surface for permeate flux, J, as function of downstream pressure and feed
temperature (reproduced with permission from [61]: Białas, W.; Stangierski, J.; Konieczny, P. Protein
and Water Recovery from Poultry Processing Wastewater Integrating Microfiltration, Ultrafiltration
and Vacuum Membrane Distillation. Int. J. Environ. Sci. Technol. 2015, 12, 1875–1888. https:
//doi.org/10.1007/s13762-014-0557-4. Accessed on 19 March 2021. Copyright (2015), Springer).

Summarized in Table 3, MF, UF, NF, and RO membranes have widely been used to
treat PSWW, from lab tests to case studies on a large scale. Both polymeric and ceramic UF
membranes can effectively remove organic matter at a low energy cost since MF membranes
possess the largest pore size among these membranes. More impressive, a fly ash-based
ceramic membrane recently developed by Goswami et al. [12] removed 100% of COD,
TSS, and turbidity. Compared to other membranes, UF membranes have been used more
frequently due to their capacity for removing suspended solids, proteins, and pathogens
with high water flux and great energy efficiency. Although a study demonstrated that
the TOC level of poultry abattoir wastewater treated by NF met the Canadian poultry
wastewater reuse criteria, the quality of water produced by NF is not compatible with RO.
RO membranes, which can even block monovalent ions, are ideal for producing qualified
water for reuse in poultry processing. As an alternative to RO, it was confirmed that
thermal-driven VMD equipped with a hydrophobic MF membrane could produce a similar
quality of water as RO during PSWW treatment [41].

4.8. Nutrient Recovery from PSWW by Membrane Separation

In the stage of conventional treatment, valuable nutrients such as proteins could
be recovered using coagulation or flocculation from PSWW. Unfortunately, the protein
concentrate obtained by the traditional methods cannot be used as animal food because
coagulants and flocculants introduce some harmful compounds and change protein prop-
erties. Pressure-driven membrane processes are good at protein recovery while keeping
protein unchanged because membrane separation is a physical process. For example, Hart
et al. [68], in their preliminary studies of MF for the reuse of food-processing water, con-
cluded that MF is a suitable method for reconditioning processing water for reuse, leading
to substantial energy savings and reducing disposal costs, and recovering by-products such
as protein and fats. Lo et al. [64] investigated protein recovery from poultry processing
wastewater using a PS UF membrane with MWCO at 30,000 Da. Their findings revealed
that almost all crude proteins with a concentration of 390 ppm were retained, and it reduced
58.86% of COD in poultry processing wastewater. Bialas et al. [61] demonstrated a recovery
of 84% of total protein using the integrated process of MF, UF, and VMD.
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4.9. Membrane Fouling and Cleaning Methods

One of the biggest challenges of membrane technology applied to wastewater treat-
ment is membrane fouling, which is caused by the deposition of molecules or particulates
on the membrane surface or into membrane pores [69]. Fouling in the membrane is caused
by various contaminants in water such as colloidal or particulate matter, dissolved or-
ganics, chemical reactants, and microorganisms and microbial products [70]. There is
no unified statement regarding the mechanisms of membrane fouling. However, from
the analysis of the causes of membrane fouling, four main reasons have been confirmed,
including the blocking of membrane pores, adsorption of solute by the membrane, deposi-
tion of the activated sludge on the membrane surface, and compaction of the filter cake
layer on the membrane surface [71]. Membrane fouling is mainly categorized into two
types: reversible and irreversible. Reversible fouling occurs when there is no permanent
permeate flux loss, whereas irreversible fouling is caused by permanent permeate flux
loss. Other types of membrane fouling include organic fouling, scaling fouling, colloidal
fouling, and biofouling. The main drawbacks of membrane fouling are that it could dras-
tically reduce membrane lifetime, productivity, and permeate quality [72,73]. To control
membrane fouling, several fouling control strategies have been explored. The commonly
used technologies are chemical methods, including coagulation, chemical cleaning, and
membrane surface modification; hydrodynamic methods such as a vibrating membrane,
high shear, and rotating disk; and physical processes such as ultrasound and physical
cleaning techniques [74]. Lo et al. [64] stated that for the treatment of PSWW, membrane
fouling was inevitable after processing, and that flushing the UF membrane with a cleaning
reagent containing 200 ppm sodium hypochlorite was found to be capable of effectively
restoring 90% of membrane performance. Hart et al. [62] reported that the flux rate of MF
membranes for PSWW treatment was restored by 15 min in-line cleaning with Micro brand
detergent. Moreover, Marchesi et al. [37] recovered 95% of water flux by cleaning the MF
and UF membranes sequentially with sodium hypochlorite, citric acid, sodium hydroxide,
and ultrapure water. Some pretreatment approaches can be adopted to alleviate membrane
fouling before the membrane filtration process. For example, Sardari et al. [40] reported
that for the PSWW treatment, the EC as a pretreatment for UF significantly mitigated mem-
brane fouling. Alternatively, Racar et al. [75], who worked on the treatment of rendering
plant wastewater, confirmed that sand filtration was an effective pretreatment for later UF,
decreasing fouling. Sand filtration primarily eliminated soluble microbial product from
secondary effluents, thus improving the UF performance. Although current fouling control
approaches are practical, further research shall be carried out to develop cost-effective
pretreatments, advance membrane configuration, identify optimal membrane operating
conditions, and design an effective hybrid physical/chemical cleaning process [74].

5. Economic Assessment

Achieving excellent performance with membrane technologies in PSWW treatment
and making it cost-competitive with conventional methods are critical for the poultry
processing industry. Białas et al. [61] reported that recycling 70% of water by integrating
MF, UF, and VMD would yield a savings of EUR 10,850 per month. In addition, the use
of clean water would decrease by 7000 m3/month with a savings of EUR 6166 per month,
and an 84% protein recovery would generate a product value of EUR 33,000 per month.
Jason et al. [30] reported that protein recovery could lead to USD 424 income per day
where 100,000 chickens are processed each day. This income could be used as a partial
operating cost, thus making the membrane process economic and competitive. Houston
et al. [76] analyzed the economic feasibility of incorporating a UF chiller water recycling
unit in the pilot poultry processing plant and indicated positive impacts by attaining
a profit of more than USD 60,000 a year. Their work reported that recycling the water
would reduce the cost by USD 219,465 annually, which came from USD 84,600.75 in water
savings, USD 90,695.00 in sewage cost savings, and USD 44,169.84 in energy savings. After
detecting the cost of recycling, depreciation, labor, filter cleaning, and miscellaneous, a
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net income of USD 68,756 per year with a return rate of 45.6% was achieved. Coskun
et al.’s [40] economic analysis for poultry processing wastewater treatment stated that raw
water consumption with the conventional method was large as 1220 m3/day, which was
decreased to 396 m3/day when using the UF+RO process, as the recycled water was used
for various poultry processing purposes. The unit costs of the conventional treatment were
reported as USD 738,600/year, the sum raw consumption costs were USD 4,402,500/year,
and the treatment costs were USD 336,000/year. Coskun et al. [40] declared that the most
economical process was UF+RO with a total cost of USD 295,700/year. As the processing
water was recycled and reused, the raw water consumption and treatment costs were
decreased to USD 130,800/year and USD 164,900/year, respectively. The experiments by
Mannapperuma and Santos [42] verified that UF could treat the 480 L/min chiller overflow
to produce 380 L/min reconditioned water at about 80% recovery. It would replace
346 L/min freshwater with the chiller based on guidelines. The use of this system resulted
in total savings of USD 165,800/year, which includes savings in freshwater, disposal costs,
and energy. This assessment indicates a 2.4-year payback period.

6. Future Perspective and Recommendation

Membrane technology is promising for PSWW treatment mainly due to its advan-
tages for producing high-quality water for reuse, nutrient recovery, and the operational
perspective of compactness and modularity. This review identifies that the research on
pressure-driven membrane filtration and membrane distillation for PSWW treatment has
mostly been done on a lab or pilot scale, making it unclear for application on a larger
scale. Therefore, it is necessary to assess its properties and efficiency with an analysis of
energy and operating costs on the industrial level to implement the membrane technologies
in poultry slaughterhouse plants. Correspondingly, most research has been conducted
only on UF for the PSWW treatment; thus, for a broad perspective, NF and RO should
be examined often. In most research articles, the quality of the product water is certified
by quantifying parameters such as BOD, COD, TSS, TOC, TN, and TP; therefore, to pro-
vide more authenticity to membrane technology, a wide range of physical, chemical, and
biological parameters should also be considered.

As an alternative to the traditional membrane approaches, dynamic membrane tech-
nology (DMT) is an attractive method for municipal and industrial wastewater treatment
and surface water treatment [77–79]. The concept is that when a cake layer forms on
a support, such as a mesh or woven filter cloth instead of a conventional membrane,
the cake layer acts as a dynamic membrane by properly controlling its thickness. There
are some examples of DMT integration with anaerobic BMR for treating high-strength
wastewater [80,81]. Recently, Mahat et al. [82] evaluated the 90-day performance of dy-
namic anaerobic MBR by utilizing low-cost non-woven filter cloth as the support material
and producing biomethane as in situ renewable energy while treating high-strength food
processing wastewater. Their success indicates that dynamic anaerobic MBR has great
application potential for the treatment of high-strength wastewater, including PSWW,
at a low operating cost. On the other hand, due to ceramic membranes having a super
chemical/thermal stability, low fouling propensity, and long lifespan, the applications of
ceramic membrane technology in water and wastewater are rapidly growing, even on a
full-size/industrial scale [83,84]. The lower lifecycle cost of ceramic membranes than PVDF
membranes in water treatment [85] also implies that the use of ceramic membranes is an
excellent option for PSWW treatment in the near future. It is also possible to integrate
PSWW treatment with electricity generation. Recently, Roshanravan et al. [86] conducted
some tests of polymer-electrolyte membrane microbial fuel cells by feeding meat poultry
wastewater, and they found that the cell equipped with SPSU20/MIL7 composite mem-
brane could generate electric power at a power density of 27.50 mW/m2 and Coulombic
efficiency of 31.01% with a COD removal rate of 57.65%. In addition, we highly recommend
conducting more research to purify PSWW for recycling water than discharging it into
the environment by using RO membranes on a pilot or industrial scale. RO is a very
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suitable solution to alleviate water scarcity, especially for slaughterhouses located in arid
or semiarid regions.

7. Conclusions

It is concluded that the poultry slaughterhouses produce a large amount of wastewater,
which is generally treated by conventional methods. The traditional technologies’ inability
to recover water and nutrients has given great attention to membrane technology for PSWW
treatment. Membrane technology is energy efficient, with a reduction in the number of
processing steps, and it provides greater separation efficiency and improved final product
quality. It produces water clean enough for reuse and recycling for industrial processing
when appropriate two-stage or hybrid membrane separation, e.g., UF+RO, is used. The UF
membranes are used as the pretreatment prior to RO by removing suspended solids and
macromolecules and recover a good amount of valuable nutrients. Therefore, membrane
separation is a promising approach for PSWW treatment. It exhibits excellent performance
as a standalone or integrated process by providing high efficiency for pollutant removal
and the recovery of valuable products. It removes almost all the pollutants and purifies
the water as required to discharge into the environment and reuse for industrial poultry
purposes. The summarized economic assessment shows that membrane technology is an
economical alternative for the treatment of PSWW. In the near future, robust ceramic UF
membranes and DMT using a low-cost mesh or woven filter cloth will have great potential
for PSWW pretreatment. The integration of membrane separation with power generation
for PSWW treatment is worth further exploration.
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Abstract: Biological wastewater treatment processes such as activated sludge and anaerobic digestion
remain the most favorable when compared to processes such as chemical precipitation and ion ex-
change due to their cost-effectiveness, eco-friendliness, ease of operation, and low maintenance. Since
Abattoir Wastewater (AWW) is characterized as having high organic content, anaerobic digestion
is slow and inadequate for complete removal of all nutrients and organic matter when required
to produce a high-quality effluent that satisfies discharge standards. Multi-integrated systems can
be designed in which additional stages are added before the anaerobic digester (pre-treatment), as
well as after the digester (post-treatment) for nutrient recovery and pathogen removal. This can aid
the water treatment plant effluent to meet the discharge regulations imposed by the legislator and
allow the possibility for reuse on-site. This review aims to provide information on the principles
of anaerobic digestion, aeration pre-treatment technology using enzymes and a hybrid membrane
bioreactor, describing their various roles in AWW treatment. Simultaneous nitrification and den-
itrification are essential to add after anaerobic digestion for nutrient recovery utilizing a single
step process. Nutrient recovery has become more favorable than nutrient removal in wastewater
treatment because it consumes less energy, making the process cost-effective. In addition, recovered
nutrients can be used to make nutrient-based fertilizers, reducing the effects of eutrophication and
land degradation. The downflow expanded granular bed reactor is also compared to other high-rate
anaerobic reactors, such as the up-flow anaerobic sludge blanket (UASB) and the expanded granular
sludge bed reactor (EGSB).

Keywords: bio-membrane; multi-integrated system; expanded granular bed reactor; anaerobic
digestion; activated sludge; membrane bioreactor

1. Introduction

The continuous influx and increase in urbanization and industrialization have led
to an increase in the consumption of goods and services. Relative to other commodities
such as winery and car manufacturing, the abattoir industries have also increased and
doubled in production in the past decade, increasing water consumption. This increase in
water consumption inevitably poses a threat to the environment due to added pollution
and increasing water scarcity such that by 2050 global water demand is projected to be
20–30% higher than current levels given both population growth and socio-economic
development [1].This is caused by the presence of organic matter such as chemical oxygen
demand (COD), which poses a threat to the environment by accelerating the deoxygenation
of rivers and contamination of ground water [2]. Abattoir industries consume about
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26 L of potable water per bird to clean the blood off of slaughtered animals, clean off the
slaughtering surfaces, cleaning of by-products, steam generation, and for chilling [3]. The
slaughtering process and the periodic washing of residue particles in the slaughterhouse
result in large quantities of water containing high amounts of biodegradable organic
matter [4,5]. The contribution of organic load to these effluents usually comes from different
materials such as undigested food, blood, fats, oil, and grease (FOG) and lard, loose meat,
paunch, colloidal particles, soluble proteins, manure, grit, and suspended materials [4].
Farzadkia, Vanani [6] stated that the characterization of abattoir wastewater contaminants
is influenced by the type of treated water, the kind of animals that have been slaughtered
for the particular time frame leading up to water collection, the sampling techniques of
the individuals involved, as well as the cleaning and sanitizing procedures of a specific
abattoir. These wastewater contaminants can be further characterized into three categories,
as shown in Figure 1. Biological oxygen demand (BOD), chemical oxygen demand (COD),
and total organic carbon (TOC) are the most widely used parameters for testing effluent
quality before discharge according to discharge standards, as shown in Table 1.

Figure 1. Characteristics of abattoir wastewater [Abbreviations: BOD biological oxygen demand;
COD chemical oxygen demand; TOC total organic carbon; TN total nitrogen, P phosphorus; DO
dissolved oxygen] [7].

Table 1. Maximum limits permitted by the City of Cape Town: Wastewater and Industrial Effluent By-law 2013 and the
characteristics of different abattoir wastewater.

CCT Industrial
Effluent by-Law (2013)

SANS 214:2011
(Portable Water Quality)

AWW
[8]

AWW
[9]

AWW
[10]

Parameter Unit Maximum limits Range Range Range

General limits

Temperature ◦C 40 - - - -

Conductivity at 25 ◦C mS/m 500 170 - - -

pH at 25 ◦C n/a 12 9.7 6.5–8.0 5–7.8 6.5

Chemical oxygen demand (COD) Mg/L 5000 - 2133–
10,655

1100–
15,000 8575

Turbidity NTU - 1/5 - - -

Chemical substance limits

Total dissolved solids (TDS) mg/L 4000 1200 - -

Total suspended solids (TSS) mg/L 1000 - 315–1273 220–6400 1550

Fats, oils and greases (FOGs) mg/L 400 - 131–684 40–1385 121.5

Ammonium as (N) mg/L - 1.5 29–51 20–300 -

Nitrates as (N) mg/L - 11 - 50–840 455

Nitrites as (N) mg/L - 0.9 - 40–700 455

Total phosphates as (P) mg/L 25 - 8–30 15–200 112.5

164



Water 2021, 13, 2462

The discharge of untreated water not only poses a severe threat to public health but
also causes the death of aquatic species and eutrophication, leading to the depletion of
dissolved oxygen (DO) and possible emanation of harmful gases [9,11]. Blood and fat
are a major problem in contaminated AWW. Blood has a COD of 375 000 mg/L which is
considered very high and on the other hand, fats cause physical problems in treatment
plants such as blockages, clogging, scum formation and possible shut downs [2]. Govern-
ments have imposed strict regulations on the discharge of water to mitigate the expenses
of pollution, for which non-compliance results in heavy penalties. Each municipality in
South Africa has regulation standards for water discharge, whether it is into the sewers,
land applications or for onsite reuse.

Due to the high costs associated with the efforts to reduce and handle waste, abattoirs
are aiming to treat the wastewater onsite with the possibility of reusing and recycling
to reduce plant running costs, have a smaller footprint, as well as upgrading to newer
cost-effective technologies. The increase in onsite treatment and waste eradication requires
advanced refuse-handling equipment and methods to produce organic-rich and less bio-
toxic waste [12]. The wastewater can be treated using biological and chemical treatment.
Recently, chemical treatment has become less popular as the use of chemicals increases
the cost of treatment, leaves the difficult task of disposing of the chemical sludge and is
environmentally unfriendly, making this option uneconomical and unfavorable [9]. As
a result, aerobic and anaerobic treatment systems have become dominant and favorable
options [9,13]. AWW contains high concentrations of organic contaminants and is rich
in proteins and lipids, making it ideal for biogas production [4], as well as being a good
candidate for the highly attractive anaerobic digestion [5]. According to Ozdemir and
Yetilmezsoy [14], analysis confirmed that the bio-diesel produced from the waste fats, oils
and grease (FOG) obtained from slaughterhouse waste showed excellent fuel properties
when compared to biodiesel produced from other common crop-based feedstocks. This is
because AWW is protein and lipid rich and has great potential to produce high methane
yields at different concentrations of volatile solids.

Anaerobic treatment is advantageous as it has excellent eco-friendly organic matter
removal, less sludge production, lower energy consumption, execution of higher organic
loading rates (OLR), fewer nutrients and chemical requirements, high COD and BOD
removal efficiency, and requires a smaller footprint as well as the considerable production
of renewable energy in the form of biogas [15,16]. However, anaerobic digestion poses
some limitations, such as having longer start-up and running periods, sensitivity to higher
temperature conditions and the inability to effectively remove nutrients such as nitrogen
and phosphates, which results in low to moderate effluent quality [17]. Additionally, the
process often faces operational challenges due to the difficulties related to the treatment
of suspended solids, fats, oils and grease (FOGs) accumulating in the reactors, leading to
reduced methanogenic activity, as well as sludge and biomass washout [4,18,19]. These
challenges result in process failure, hence the need to incorporate pre-treatment for FOG
removal, initiate hydrolysis, and remove solid particles and feathers.

Mondal, Jana [20] stated that aerobic treatment is superior to anaerobic treatment for
treating water with a high organic content because it is quicker and more effective for
degrading contaminants. However, aerobic digestion also has its flaws, such as high energy
requirements for aeration compared to anaerobic, which adds to running costs. Hence
a combination of both anaerobic and aerobic processes must be employed to tackle this
predicament and effectively remove the nutrients and organic matter [4,9]. The fraction
of lipids presents in AWW poses a threat due to their slow hydrolysis rate [21]. Typically,
induced and dissolved air flotation is used to remove the oils and grease before aerobic–
anaerobic digestion. However, the costs of the air and reagents used, if chemically assisted,
tend to make this process uneconomical and expensive. Additionally, the removal efficiency
is low and sometimes produces difficult sludges to treat [15]. Other methods tested include
alkaline, thermal [22,23] and ultrasonic [24] pre-treatment; however, these all fall short in
one way or another. Enzymatic pre-treatment is a good option to satisfy the concerns of
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improving methane production, reducing the number of suspended solids before anaerobic
digestion and is environmentally friendly [19]. Enzymes hydrolyse the triglycerides to fatty
acids and glycerol, which improves the efficiency of biodegradation by microorganisms
and eases operation during biological treatment [15]. A study done by Zhang, Zou [19]
compared the stability of anaerobic digestion by feeding enzyme pre-treated water vs
non-pre-treated water. The reactor containing the enzyme pre-treated feed showed higher
stability during operation, even at higher organic loading rates (OLR).

Although it may be a great option, it is not economically feasible to use commercial
enzymes practically in engineering practice, as most enzymes have to be significantly
monitored as they are sensitive to temperature and pH, and some cannot digest all the
organic matter present [19]. An economic and feasibility study done by [15], without
considering the ability of methane production to offset costs, revealed that using enzymes
to pre-treat wastewater with high fat content has lower installation and operational costs
than the traditional technologies. Therefore, it is still a better and cheaper alternative with
great potential, despite its complex operation if methane generation is considered as an
income generating byproduct. Alternatively, the application of biosurfactants produced
by micro-organisms has recently been reported in studies as a cheaper alternative to
commercial enzymes [25]. The biosurfactants enhance biodegradation by dissolving FOGs
and can be incorporated simultaneously into the biological aeration process, reducing the
number of stages for pre-treatment. Other advantages include lower capital and operation
costs, reduction in operational problems, as well as an increase in methane production
through anaerobic digestion [15,26].

This review highlights the importance of using biological processes in wastewater
treatment. The use of a bioremediation agent known as the eco-flush, a product developed
by Mavu Biotechnologies (Pty) limited during aerobic treatment, is a novel method that
has not been extensively researched. Still, it can pose as an economical and more preferable
approach when compared to pure commercial enzymes. Since biological processes are
generally slow and not adequate, a multi-integrated system approach can be used, where
each stage focuses solely on removing a particular nutrient or pathogen.

2. Analytical Methods for Testing Water Quality

Measurements need to be performed to check if the treated water complies with
municipal discharge regulations. The analytical methods are all outlined in the Environ-
mental protection agency (EPA) handbook, and each analysis is specifically coded. Analysis
can be tested on: pH (EPA 9040C), temperature, total dissolved solids (TDS) (EPA 160.1),
salinity (EPA 320), turbidity (EPA 180.1), total suspended solids (TSS) (EPA 160.2), volatile
suspended solids (VSS) (EPA 1684), COD (EPA 410.4), ammonium (EPA 350.1), nitrates
concentration (EPA 353.4), biological oxygen demand (BOD) (EPA 405.1), volatile fatty
acids (VFAs) (EPA 8260D) and fats, oils and grease (FOGs) (EPA 1664A). Monitoring the
efficiency of a wastewater treatment plant is essential. One of the widely used methods
for presenting water quality data is the water quality index (WQI) approach. A summary
of different water quality parameters is calculated to a single number, which helps define
the general quality status of water and its suitability for various purposes like drinking,
irrigation, fishing etc., [27].

3. Aerobic Treatment

Aerobic treatments involve the treatment of sludge with air in the presence of aerobic
or facultative anaerobic microbes before anaerobic digestion [9]. Oxygen is injected into
the treatment system, which accelerates the hydrolysis rate of the organics by enhancing
the activity of the micro-organisms [28]. Aerobic treatment prior to anaerobic digestion
improves the hydrolysis stage, the sludge solubilization, accelerates hydrolytic activities,
increases the methane yield by 20–50%, and decreases VS by 21–64% [28]. This suggests that
aerobic pre-treatment does not decrease the methanogenic activity of methanogens within
the anaerobic digester and can be a great addition to a multi-stage system [28]. Besides
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being used in the pre-treatment stages, aerobic processes can be employed after anaerobic
digestion to enhance nutrient removal. The required oxygen and treatment time correlate
with the strength of the AWW being treated [29]. Due to the expenses incurred during
the pumping of artificial oxygen and maintenance, using aerobic treatment for extended
periods becomes uneconomical and produces large volumes of biomass. Furthermore, due
to the benefits of aerobic treatment, it can be incorporated for shorter processes such as
before anaerobic digestion and for nutrient removal after the digester. This will ensure
maximum organic matter removal and lower costs, as the processes are relatively short.
Despite the higher running costs compared to anaerobic digestion, aerobic treatment has
some advantages, such as low odor production and a fast-biological growth rate [30].

4. Aeration Pretreatment Using Enzymes

Enzymes are used to accelerate the hydrolysis of macromolecules to enhance anaerobic
digestion [21]. Pre-treatment is included to ensure complete degradation during anaerobic
digestion at shorter hydraulic retention times (HRT). Enzymes breakdown the bonds
between the triglycerides and hydrolyze them to basic components of fatty acids and
glycerol, thereby giving the aerobic micro-organisms a higher chance to biodegrade the
FOGs [15]. An eco-flush is an Ergofito’s commercially manufactured bioremediation agent
supplied in South Africa by Mavu Biotechnologies. An eco-flush is a mixture of natural
ingredients and bacteria with the ability to remain dormant until a rich organic source,
which acts as a substrate (such as AWW), is applied to activate them, primarily producing
enzymes for hydrolysing FOGs [31,32]. Its natural ingredients are derived from glaucids
and essential amino acids, which form powerful decomposing agents that stimulate the
natural predisposition of certain bacteria to produce enzymes. These enzymes are capable
of breaking down the hydrocarbon chains in FOGs and also compete with the bacteria
that are responsible for producing Ammonia (NH3) and Hydrogen Sulphide (H2S), which
results in no to less odor during pre-treatment [31]. The eco-flush can be added to raw
AWW at the desired ratio as shown in Figure 2, a systematic diagram representing the
pretreatment stage before anaerobic digestion. Artificial aeration is required to facilitate
the bacteria to produce enzymes to degrade the FOGs by providing oxygen as an electron
acceptor. For successful enzymatic pre-treatment, several parameters such as temperature,
pH, substrate quantity and enzymes stability have to be assessed and optimized [28].

Figure 2. AWW pre-treatment stage using an eco-flush.

Generally, the oxidation of 1 kg of COD requires 1 kWh of aeration energy when the
aerobic treatment is selected for wastewater treatment [33]. Oxygen is slightly soluble in
water and has to be transferred from the gas phase to the liquid phase, which is called
absorption, driven by the concentration gradient between the atmosphere and the bulk
liquid [33,34]. The aeration requirement results in the need for a large surface for efficient
oxidation of the organic matter, which increases the running costs [33].
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Although an aerated pre-treatment stage improves the anaerobic digestion as men-
tioned previously, the presence of dissolved oxygen in the treated wastewater can also
inhibit the methanogenic activity in the anaerobic digestion stage. One critical parameter
for a good performance of anaerobic treatment is the lack of oxygen. This is usually deter-
mined through the redox potential that should remain <−50 mV for anaerobic digestion
and <−300 mV for a good methanogenic activity [35]. For a hermetically closed digester,
there is usually no need to attempt to remove the oxygen present, as the BOD in the
wastewater consumes the oxygen present rapidly since aerobes and facultative aerobes
normally use 100 mg/L of dissolved oxygen to degrade 100 mg/L of BOD [33]. Further-
more, for lab studies and industrial scales, oxygen removal must be implemented through
nitrogen purging, which includes three main methods [35], namely: Displacement purging,
Pressurizing purging, and Dilution purging. Purging consists of the replacement of one
gas by another in an enclosed chamber or space, e.g., removal of oxygen and replacing it
with nitrogen gas in anaerobic digestion [34]. Therefore, before the pre-treated water is fed
into the anaerobic digester, the Dissolved Oxygen must be monitored.

A study done by [36] a pre-treatment using an Ecoflush bioremediation agent was
implemented and resulted in FOG removal of 80% and the TSS and COD removal which
reached 38% and 56%, respectively, before feeding the slaughter wastewater into the
anaerobic digester. Meyo, Njoya [32] also did a similar study on the pre-treatment of
Poultry Slaughter Wastewater (PSW), and the removal percentages varied between 20 and
50% for total suspended solids (TSS), 20 and 70% for chemical oxygen demand (COD), and
50 and 83% for fats, oil, and grease (FOG) before anaerobic treatment using an EGSB reactor.
These studies are among the few that reported the use of an Ecoflush reagent. The removal
efficiencies do suggest there is potential in bioremediation technology as a pre-treatment
stage for high fat content wastewater.

5. Anaerobic Digestion

Anaerobic digestion is a degradation process that occurs in the absence of oxygen to
produce methane and carbon dioxide. It consists of four stages: hydrolysis, acidogenesis,
acetogenesis, and methanogenesis, as shown in Figure 3. The hydrolysis stage reduces
insoluble organic matter and high molecular weight compounds such as polysaccharides,
proteins, and lipids into monosaccharides and amino and fatty acids [37]. During acidoge-
nesis, acidogenic bacteria produce volatile fatty acids, carbon dioxide, hydrogen sulphide,
ammonia and other by-products, using the components formed during hydrolysis [29].
Acetogenesis is the third stage in which acetic acid, carbon dioxide and hydrogen are
produced from the digestion of higher alcohols and organic acids. Methanogenesis is
the last and final step in which methane gas is produced by methanogenic bacteria [37].
The production and accumulation of volatile fatty acids (VFAs) can cause a drop in pH,
which can affect methane production. Consequently, the VFA: alkalinity ratio is a critical
factor in determining reactor performance and should in no case exceed 0.3 [9,38]. Besides
a pH range of 6.8–7.2, the organic matter loading/substrate ratio largely affects biogas
production, where either too little or too much can cause a slow digestion process and
should in no case be >0.3 [9].
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Figure 3. Anaerobic digestion stages in an anaerobic reactor.

6. High-Rate Anaerobic Reactors (HRABS)

High-rate anaerobic digesters have been a subject of increasing interest, due to their
high loading capacity and low sludge production. The commonly used high-rate anaerobic
digesters include: anaerobic filters, up flow anaerobic sludge blanket (UASB) reactors,
anaerobic baffled, fluidized beds, expanded granular sludge beds (EGSB), sequencing
batch reactors, anaerobic hybrid/hybrid up-flow anaerobic sludge blanket reactors and the
downflow expanded granular bed reactors (DEGBR) which is a hybrid of the EGSB and
static granular bed reactor (SGBR) which is shown in Figure 4 [39].

Figure 4. High-rate anaerobic reactor (Downflow Expanded Granular Bed Reactor).
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Biological processes heavily rely on the growth and bio-preservation of the required
microorganisms through controlling essential operational parameters such as temperature,
pH, organic loading rate, carbon to nitrogen ratio, inoculation and start-up of the biodi-
gester, mixing, and inhibition factors [34]. The stability of the HRABS is usually reliant
on the maintenance of the mentioned operational parameters within a specific prescribed
range for growth of microorganisms [33,35]. Table 2 below describes some of the inhibition
parameters for anaerobic digestion and how they affect methanogenic activity.

Table 2. Inhibition factors in anaerobic digestion.

Inhibition Parameter Operational Range References

Oxygen concentration

Oxygen concentration is measured as ORP which serves as a relative
quantity of oxidised materials i.e., NO3

−, NH4
+, SO4

2−
ORP between −200 mV and −400 mV is ideal for anaerobic conditions. An
ORP of +50 mV suggests a high presence of molecular oxygen and affects the

anaerobic microorganisms.

[34,35]

Temperature

Psychrophilic (0 ◦C–15 ◦C), mesophilic (20 ◦C–40 ◦C), Thermophilic
(45 ◦C–60 ◦C) and hyper thermophilic > 65 ◦C.

Mesophilic and thermophilic temperatures offer better organic
biodegradation and biogas production.

Mesophilic is most stable, requires less energy and there is less dominant
ammonium inhibition as compared to thermophilic

[33,34,40]

pH

Prescribed range for anaerobic digestion is 6.5–8
Hydrolysis and acetogenesis favours pH range of 5.5–6.5

A pH range of 6.5–8.2 favours methanogenic activity and promotes methane
producing bacteria i.e., methanogenium, methanolobus

[34,35]

Nutrients concentration

Nutrients are required to promote growth of microorganisms and results in
efficiency of treatment process

Some nutrients required are N (65 g/kg TSS), P (16 g/kg TSS), and Mg
(3 g/kg TSS) and these quantities correlate to the chemical composition of

the methanogenic microorganisms

[34]

Good methanogenic activity in HRABS results in the production of biogas and biogas
production can be used as a direct measure of biodegradability efficiency. However, there
were instances where a good removal of the substrate from the influent, which usually
translates to a good COD or BOD5 removal percentage, didn’t align with consequent
production of biogas [8,41]. This may have been due to biogas entrapment within the
anaerobic granular bed as a result of loss in kinetic energy due to friction losses, a weak
connected porosity of the anaerobic granular bed or high surface tensions weakening the
emergence of biogas bubbles [8,42].

Numerous studies have been carried out to develop high-rate bioreactors; however,
most studies show various drawbacks, ranging from large space requirements, a mas-
sive volume of sludge generation, intensive use of energy, and the high overall cost of
maintenance [11]. For instance, in the expanded granular sludge bed reactor (EGSB) and
the up-flow anaerobic sludge blanket (UASB), the liquid up-flow velocity causes low and
inadequate removal of nutrients, pathogens and suspended solids, which results in the
requirement of post-treatment for compliance with environmental regulations [43]. Unlike
the EGSB and UASB, the downflow expanded granular bed reactor (DEGBR) as shown in
Figure 4, takes advantage of gravity as a supplementary force through the granular bed,
hence using less energy, as there are no gravitational forces or upward frictional forces to
compensate for [42]. The DEGBR consists of a recycle stream, which aids in wastewater
distribution of the influent to the anaerobic biomass, and also develops a counter-current
flow inside the bioreactor for enhanced mixing of its contents [42,43]. Furthermore, the
downflow configuration results in the effluent being collected at the bottom and the gas
naturally rising to the top, which eliminates the need for a three-phase separator to separate
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the gas and biomass compared to the UASB and EGSB [42]. Moreover, the DEGBR also has
several advantages like design simplicity, low anaerobic granular sludge (AGS) production,
high treatment efficiency, and low operating costs, all of which have turned this bioreactor
into a sustainable alternative to mitigate the crisis of water pollution [16].

7. Multi-Integrated Systems

Anaerobic treatment does not produce discharge compliant effluent on its own. The
complete degradation of the organic matter is difficult due to the high organic content levels in
AWW, the long hydraulic retention times (HRTs) required to remove all the organics as well as
the anaerobic process being slow as compared to aerobic processes. An additional treatment
stage(s) is/are recommended to remove the organic matter, nutrients, and pathogens that
remain after anaerobic treatment [30]. The integration of multi-stage systems can be used
to remove pollutants such as heavy metals, grease and oils, color, BOD, TSS, COD and can
be handled within one system with multiple stages [18]. Several studies have been done to
incorporate additional stages after anaerobic digestion, as shown in Table 3. Comparing single
systems and multi-stage systems shows that the latter provides higher removal efficiencies.
The data from Table 3 was used to plot a graph, as shown in Figure 5.

Table 3. Comparison between effluent qualities of single systems vs. multi-integrated systems.

Influent Characteristics Effluent Characteristics (Removal Efficiency)

Process
HRT
(h)

TOC
(mg/L)

BOD
(mg/L)

TN
(mg/L)

COD
(mg/L)

TOC
(%)

BOD
(%)

TN (%)
COD
(%)

REFERENCES

Anaerobic +
aerobic + uv

96.0 1.0 640.0 200.0 - 99.98 99.69 82.84 - [13]

Anaerobic +
aerobic +
advanced
oxidation

75.0–
168.0

941.0–
1009.0

630.0–
650.0

254.0–
428.0 - 89.5–

99.9 99.70 76.40–
81.60 - [13]

Aerobic 3.0–96.0 - - 1950–
3400

6185–
6840 - - 8.81–

93.22
9.42–
80.11 [44]

Reverse
osmosis

- - 10.0 13.0 76.0 - 50.0 90.0 85.8 [45]

Anaerobic 24 - 30.0–76.0 6.1–27.0 49.0–
137.0 - 11.30 42.30–

77.20 13.90 [46]

Anaerobic +
aerobic +
chemical

coagulation

16.0–
72.0 - 5143–

8360
46.6–
138.0

6363–
11,000 - 97.76–

98.92
73.48–
92.72

50.10–
97.42 [47]

 

Figure 5. Comparison between single systems and MIS in removing BOD & TN [Abbreviations: An—anaerobic process;
Ae—aerobic process; AO—advanced oxidation process, CC—chemical coagulation].
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Treatment technologies such as (i) membrane separation using reverse osmosis,
(ii) anaerobic, (iii) aerobic, (iv) anaerobic–aerobic–UV, (v) anaerobic–aerobic advanced
oxidation, and (vi) anaerobic–aerobic chemical coagulation were compared graphically
to show the effect of introducing multiple stages. Figure 5 shows that all single-stage
processes have a BOD removal efficiency below 50%, whilst in multi-integrated systems,
the values are above 90%. The TN removal follows the same trend, with reverse osmosis
having the highest efficiency despite being a single-stage process. This further supports
why membranes are necessary for nutrient recovery after anaerobic digestion as a sepa-
ration process. Although multi-integrated systems offer many benefits, the type of water,
cost, and effluent quality will determine the number of stages and processes to be used.

The use of multi integrated systems provide a significant impact on the effluent
quality. Dyosile, Mdladla [36] had a higher overall removal efficiency when an integrated
system of using enzymatic pre-treatment–DEGBR–MBR was analyzed as compared to
anaerobically digesting the poultry slaughterhouse wastewater (PSW) with the DEGBR
with no prior or post treatment. The pre-treatment had FOG removal of 80% and the
TSS and COD removal reached 38% and 56%, respectively. The removal results on the
DEGBR, at an OLR of 18–45 g COD/L.d, was 87%, 93%, and 90% for COD, TSS, and FOG,
respectively. The total removal efficiency across the pre-treatment–DEGBR–MBR units was
99% for COD, TSS, and FOG which is much higher than the single stages. Their effluent
quality also met requirements for effluent discharge after post treatment using a membrane
bioreactor (MBR).

A similar setup of incorporating pre-treatment–EGSB digester–MBR system was used
by [32] to reduce the concentration of organic matter in PSW. The pre-treatment stage
resulted in a 50% for TSS removal, 80% for COD removal, and 82% for FOG removal. The
EGSB effluent had removal percentages of 90% for TSS, >70% for COD, and >90% for FOG.
Further removal was also observed using the MBR with the removal performance being
>95% for both TSS and COD and 80% for FOG. Their effluent after the MBR process met the
discharge standards. These studies add to the fact that single stages alone do not possess
the ability to treat AWW to the required discharge standards. Pre and post treatment is
required with any anaerobic processes.

Figure 6 shows a proposed process flow diagram of a multi-integrated system to treat
AWW. The raw wastewater is first aerobically pre-treated to remove suspended solids and
FOGs and enhance anaerobic digestion. Oxygen is artificially added using an adjustable
pump. A stainless-steel sieve is used to filter out any suspended solids remaining from
pre-treatment. The pre-treated wastewater is added to a holding tank, which feeds into
the DEGBR at the desired organic loading rate. The DEGBR operates anaerobically to
biodegrade the nutrients, and biogas is produced as a by-product. The effluent from
the DEGBR does not meet the required discharge standards as mentioned previously.
The effluent becomes the feed to the membrane bioreactor (MBR) where nitrification
and denitrification takes place. The micropollutants that pass through membranes can
be disinfected using the ultraviolet system (UV). Bustillo-Lecompte, Mehrvar [13] and
Bustillo-Lecompte and Mehrvar [30] demonstrate an evaluation on treating AWW using
combined advanced oxidation processes. The evaluation factored in treatment capability
and overall costs for treatment technologies, including ABR, AS and UV. It was proven
that the combined process of the ABR–AS–UV system was the most cost-effective solution
compared to single processes for TOC removal under optimal conditions. However, as this
may be a guide, different wastewaters have different characteristics, and analysis must be
done to find the best method possible.

Ultraviolet (UV) light is frequently used for pathogen inactivation in wastewater
treatment [48–51]. UV light effectively inactivates viruses, bacteria, and cysts by penetrating
cell walls and damaging DNA or RNA without chemical addition. Traditional UV lamps
are low-cost and accessible in developing economies, but also contain toxic mercury vapor.
On the other hand, UV LEDs are more expensive but mercury-free [1,52].
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Figure 6. Process flow diagram of a proposed multi-stage integrated system to treat AWW.

The study by Beck, Suwan [1] evaluated a cost-effective, user-friendly, and relatively
fast treatment process involving a woven-fiber microfiltration (WFMF) membrane to
filter domestic wastewater followed by UV disinfection to disinfect the permeate. With
an effective pore size of 1–3 μm [53] the membrane was capable of removing Ascaris
lumbricoides eggs (50 mm) and Giardia cysts (10 μm), whereas bacteria (1–2 μm), viruses,
and Cryptosporidum oocysts (3 μm), which are small enough to pass through the filter pores,
were inactivated by exposure to UV light. The bacteria (total coliform and Escherichia
coli) and viruses (MS2 bacteriophage) passing through the membrane were disinfected by
flow-through UV reactors containing either a low-pressure mercury lamp or light-emitting
diodes (LEDs) emitting an average peak wavelength of 276 nm. For domestic wastewater
from a university campus that they used in their study, the membrane reduced TSS (by
79.8%), turbidity by 76.5%, COD by 38.5%, BOD by 47.8%, and NO3 by 41.4%. UVT at
254 nm improved by 19.4%, and UVT at 280 nm by 12.4% [1]. Following UV disinfection,
wastewater quality met the WHO standards for unrestricted irrigation. UV lambs can
succumb to fouling and scaling after extensive use and it is reversible through citric acid
circulation [54].

8. Hybrid Membrane Bioreactor

A membrane bioreactor (MBR) is an integrated system with membrane filtration for
the biological degradation of waste present in wastewater. Generally, it is composed of
a biological unit and a membrane module, which separates water from the aerobically
digested water and returns activated sludge to the biological unit [55].

Anaerobic membrane bioreactors (AnMBRs) retain solids selectively through micro-
filtration membranes which offer an alternative to lagoons and granule based high-rate
anaerobic treatments [56]. They produce an excellent effluent quality, have a high tolerance
to OLR variations, as well as the ability to produce a solid free effluent for the purposes of
reuse [57]. The hybrid membrane bioreactor consists of (i) an anoxic stage and (ii) an aerobic
membrane filtration stage. Since the DEGBR operates anaerobically, it has two significant
drawbacks, (i) it is ineffective in removing nitrates and phosphorous, and (ii) it reduces the
organic nitrogen and sulphur to ammonia and hydrogen sulphide, which are toxic, hence
the need for incorporating a membrane bioreactor stage as post-treatment. The advantages
of MBR compared with a conventional activated sludge process include high effluent
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quality, decreased reactor volume, elevated solid retention time (SRT) and high mixed
liquor suspended solids (MLSS), low sludge yield, and easier operation [58,59]. However
there are still some drawbacks associated with MBRs such as; membrane fouling, high
energy consumption and low removal efficiency of poorly biodegradable micropollutants
like diclofenac, atrazine, and carbamazepine [58].

MBR technology has been widely used recently for nutrient recovery. Coagulation
or flocculation can be used to recover valuable nutrients in the conventional process.
Unfortunately, the protein concentrate obtained by the traditional methods cannot be
used as animal food because coagulants and flocculants can introduce some harmful
compounds and change protein properties. Pressure-driven membrane processes are good
at protein recovery while keeping protein unchanged since membrane separation is a
physical process [55].

Recovering nutrients from wastewater reduces the environmental effects of wastewa-
ter treatment, and subsequently, the recovered nutrients can be used to produce fertilizers.
Phosphorus and nitrogen are essential for organism growth and result in eutrophication in
surface water sources, leading to the death of aquatic life [56]. If ammonium and phosphate
ions were to be removed from wastewater using processes such as chemical precipitation,
it would consume a large amount of electricity and cost about 4% extra compared to
nutrient recovery [60]. Besides the extra costs involved, nutrient recovery is better than
complete removal because i) nutrient-based fertilizers can be produced for agricultural
purposes, (ii) the environmental impact from wastewater discharged is reduced, hence less
eutrophication occurs, and iii) N recovery can reduce the consumption of natural resources
and save costs on nitrogen fixation [56].

The hybrid membrane bioreactor is required to provide an anoxic–aerobic stage where
oxygen is utilized by bacteria to oxidize the ammonia and hydrogen sulphide to less harm-
ful substances. Nitrification occurs due to two specific autotrophic bacteria, the ammonia
oxidising organisms (ANOs) and the nitrite oxidising organisms (NNOs), and occurs in two
steps. The ANOs convert free and saline ammonia to nitrite. In the second step, the NNOs
convert nitrite to nitrate. Ammonia and nitrite are used for catabolism [33]. Nitrification
is a prerequisite for denitrification, and without it, biological N removal is not possible.
Denitrification becomes possible once nitrification takes place by incorporating anoxic
zones in the reactor. The denitrification occurs anoxically via facultative heterotrophic
biomass [33]. During nitrification, the N remains in the liquid phase because it is trans-
formed from ammonia to nitrate. In the denitrification step, the N is transferred from the
liquid to the gas phase and escapes to the atmosphere.

The proposed study referred to in Figure 7 employs the modified Ludzack–Ettinger
system (MLE), which separates the anoxic and aerobic reactors by putting them in series,
as shown in Figure 7 below. It also consists of a recycle for the underflow feeding back to
the first anoxic reactor as well as a mixed liquor recycle from the aerobic to the primary
anoxic reactor. The influent is discharged to the first or primary anoxic reactor, which
is maintained in an anoxic state by mixing without aeration and provides conducive
conditions for denitrification. The second reactor is aerated and is where nitrification takes
place. However, the MLE system has one major drawback: complete nitrate removal cannot
be achieved because a part of the total flow from the aerobic reactor is not recycled to the
anoxic reactor but instead exits the system with the effluent [33].

Figure 7. MLE system for nitrification and denitrification.
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Phosphorus can be removed biologically through enhanced biological phosphorus
removal, exploiting the ability of polyphosphate-accumulating organisms (PAOs) to take
up P in excess of metabolic requirements and accumulate it intracellularly as polyphos-
phate [61]. This metabolic phenotype is facilitated by a continuing cycle of provision of
organic carbon, mainly in the form of volatile fatty acids (VFAs) to the microorganisms,
and then exposure of the organisms to first anaerobic and then aerobic conditions. Organic
carbon is often the limiting substrate for both denitrification and P removal, and many
wastewater treatment plants add extra carbon for denitrification to balance the processes. A
combination of denitrification and enhanced biological phosphorus removal in one process
could offer substantial savings on carbon for the overall nutrient removal process, which
makes this approach highly attractive [62].

The performance of the membrane is mainly characterized by the permeate flux and
retention properties [5]. Membrane separation has one particular advantage over other
separation processes such as distillation, crystallization and adsorption because it relies on
physical separation without phase change and usually no addition of chemicals. Therefore,
energy consumption is usually much lower compared to distillation and crystallization [63].
Two main MBR configurations exist: side stream and submerged, as shown in Figure 8. A
recirculation pump provides cross-flow velocity in the side stream configuration to reduce
blockage by suspended solids on the membrane surface. The side stream MBR is widely
used in industrial wastewater treatment but has a higher energy demand. On the other
hand, the submerged MBR operates at lower flux and offers higher permeability. They are
often used in municipal wastewater treatment. Coarse aeration is provided to the system
to reduce fouling as well as provide oxygen to the biomass [64].

Figure 8. AnMBR configurations: (a) side stream configuration, (b) submerged configuration.

9. Applications of Membranes in Wastewater Treatment

Pressure-driven membrane processes such as microfiltration (MF), ultrafiltration
(UF), reverse osmosis (RO), and nanofiltration (NF) are widely studied for wastewater
treatment and they rely on hydraulic pressure to achieve separation [65]. Membrane
filtration is one of the most emerging technologies to produce high-quality water because
it utilizes zero chemical constituents and offers enormous advantages over conventional
methods [55]. Mostly used membrane filtration in wastewater treatments are RO, UF and
MF. Although reverse osmosis (RO) is a well-established technology for water reuse and
desalination [66,67] it is still limited by its high energy consumption and operating costs as
the flow is against the pressure gradient.

An alternative is the use of low-pressure RO (LPRO) membranes which have been
developed to reduce the RO operation pressure when maintaining high rejections to small
soluble organic molecules and ionic species [68–70]. The operation pressure is an important
operation parameter of LPRO, which affects the filtration productivity (flux), membrane
fouling, and energy consumption. The performance of RO in the treatment of secondary
effluent of SWW was reported by [45] to remove organic matter and the removal efficiencies
of BOD, COD, TN, and TP were found to be 50.0, 85.8, 90.0, and 97.5%, respectively. It was
concluded that LPRO was a suitable technique for the post-treatment of AWW effluent.
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A study done by [71] on the performance of the UF membrane treating AWW showed
BOD and COD removal efficiencies of around 97.8–97.89% to 94.52–94.74%, whereas
TSS and FOG removal were 98% and 99%, respectively [72]. Pressure driven membrane
processes have proven to be successful in the separation of valuable organic and inorganic
compounds in black liquor as well as being energy-efficient in several studies [73–75].
In recent studies, separation processes are being coupled to improve effluent quality.
For example, UF/NF combinations have been reported to be a promising solution in
wastewater with high amounts of organic material such as black liquor. In these cases, UF
is used as a pre-treatment for NF [73,76].

The ultrafiltration (UF) pre-treatment and the control of the operation pressure were
found to be essential for mitigating LPRO membrane fouling. Water quality analyses
showed that an integrated process of the UASB + UF + LPRO could achieve an effluent
quality characterized by concentrations of 10.4–12.5 mg/L of chemical oxygen demand
(COD), 1.8–2.1 mg/L of total nitrogen (TN), 1.3–1.8 mg/L of ammonia nitrogen (NH3-N),
and 0.8–1.2 mg/L of total phosphorus (TP) [70].

Coskun, Debik [77] studied the PSW treatment using laboratory-scale membrane
processes. Their study reported that UF as pretreatment improved the removal efficiencies
for NF and RO processes; NF reduced almost 90% of COD, RO removed 97.4% of COD,
and the UF pretreatment resulted in higher final fluxes 8.1 and 5.7 times more for NF and
RO, respectively, than for those without UF.

Ionic species can be removed to meet the reuse requirements of brewery wastewater
effluent discharge by the inclusion of reverse osmosis into the treatment chain [66,70].
Verhuelsdonk, Glas [78] did an economic analysis on brewery wastewater reuse and
reported that UASB wastewater could be treated to drinking water quality with a yield of
63% by using an MBR + UF + RO system.

A comparison study was done by Skoczko, Puzowski [59] to compare the modernized
vs conventional treatment methods on a newly modernized wastewater treatment plant.
On the basis of the conducted research, it was noted that the operation of the plant after
modernization was more cost-intensive. There were additional electricity costs due to
ensuring adequate pressure on the membranes. Nevertheless, the obtained results of the
removal of contaminants showed BOD removal of over 99.0%, COD removal of 99.0%, TSS
removal of 99.5%, and removal degree of biogenic compounds also increased and exceeded
98%. Although the membranes have been well researched and are still being improved, it
continues to show high operational costs due to aeration and membrane fouling, which
constitutes a major drawback.

10. Membrane Preservation, Fouling and Cleaning Methods

The accumulation of particulates such as fats, grease, protein, and organic matter can
cause build-up on the membrane material resulting in membrane fouling and wetting
which is a huge economic influence on the use of membranes as they account for 72% of
the capital investment [10]. The types of foulants which may interfere with membrane
performance include chemical foulants such as scaling, physical foulants such as deposition
of particles, biological foulants such as microbes, and organic foulants which interact
with the membrane material [79]. Membrane wetting is the process in which membrane
materials lose their hydrophobicity and allow for liquids to penetrate the membrane
pores resulting in a direct liquid flow from feed through the wetted pores, substantially
deteriorating permeate quality [79]. The fouling and wetting of membrane materials
impairs the membrane performance and shortens membrane lifetime, thereby reducing
NH3 recovery from AWW.

To reduce fouling and wetting, membranes can be cleaned. Several chemical and
physical cleaning methods were developed to remove membrane fouling. The membrane
cleaning process is affected by different factors. The type and mode of cleaning for example,
physical cleaning, doesn’t really retrieve membrane permeability effectively as it only
removes loose particles. Temperature is considered as another factor that may take effect
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on the membrane cleaning strategy. Increasing temperature is substantial for cleaning
the fouling membrane by increasing solubility due to reactivity of functional groups at
high temperatures of the organic matters and increasing mass transfer dispersion with
mechanical destabilization of biofilm layers on the membrane surface [58]. Increasing the
pH also has a directly proportional relationship with membrane cleaning efficiency [80].
For instance, increasing pH from 4.9–11.0 will affect the cleaning percentage from 25%–44%
and, at pH 11, it is very easy to break down the gel layer on the membrane surface when
compared to the lower pH [58]. Table 4 below shows some of the membrane cleaning
methods used to reduce fouling and improve membrane life in membrane technology.

Table 4. Membrane cleaning methods used in membrane technology.

Industry Membrane Process Type Chemicals Used Result Reference

Municipal
(drinking water

treatment
systems)

Ultrafiltration (UF)

Membrane vibration +
coagulation. coagulants, such

as Al (III) and Fe (III)
compounds, were added to

the influent

Membrane rotation speed of 60 r/min, the
permeate flux increased by 90% and the
organic removal by 35%, with a 40 mg/L
coagulant dosage, with an additional 70%

increase of flux and a 5% increment of
organic removal to 80% was obtained.

[81]

Food industry
(fruit juice

concentration)
Forward Osmosis

Pretreatment by
microfiltration before FO

process

There was an attractive interaction between
the FO membrane and orange juice foulants.

Eliminating those foulants using the
microfiltration pre-treatment weakened such

an attractive interaction and effectively
prevented the fouling layer from growing,
leading to a lower process resistance and,

finally, resulting in a great improvement of
concentration efficiency

[82]

Food industry
Electrodialysis with
bipolar membranes

(EDBM)

Pulsed electric field (PEF)
mode, which consists in the

application of constant
current density pulses during
a fixed time (Ton) alternated

with pause lapses (Toff)

Both a long pause and high flow rate
contribute to a more effective decrease in the

concentration of protons and caseinate
anions at the BPM surface: a very good

membrane performance was achieved with
50 s of pause duration of PEF and a flow rate

corresponding to Reynolds number = 374

[83]

Municipal
wastewater

Membrane
Bio-Reactors (MBRs)

Examines the effect of
operating conditions on

fouling of membrane
Bio-Reactors (MBRs).
Conditions such as:

diminishing DO, recirculating
rate and controlled growth of
filamentous microorganisms

were optimised

The diminishing of DO in the recirculated
sludge improved denitrification, and resulted
in lower concentrations of N-NO3

− and TN
in the effluent of the Control-MBR.

Furthermore, the recirculation rate of
Qr = 2.6·Qin, resulted in improved

performance regarding the removal
of N-NH4

+

[84]

Second effluent of
sewage with

Activated sludge
FO Physical cleaning Air

scouring - [85]

PSW UF, MF
Sodium hypochlorite, citric

acid, sodium hydroxide, and
ultrapure water

Recovered 95% of water flux [5]

PSW UF Electrocoagulation
pre-treatment

Pre-treatment approaches can be adopted to
alleviate fouling before the membrane

filtration process.
[86]

Recommendations and future perspectives:

1. There are numerous NF membranes available in the market, but only some of them
can resist harsh operating conditions (such as extreme pH) [73]. Further studies can
be carried out to produce membranes that are stable and not susceptible to fouling in
high pH conditions.

2. For high quality effluents, a novel MBR called the osmosis membrane bioreactor
(OMBR) has been developed to promote wastewater treatment and reuse [58]. In
OMBR, the FO membrane module is displaced in the wastewater. Combined with
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biological treatment, water from the mixed liquor is forced to transfer through the
semipermeable membrane to the draw side under the osmotic pressure gradient. The
pollutants, activated sludge, and solids are all rejected by the membrane. The superior
performance of OMBR over conventional MBR has been demonstrated in previous
research [58]. This OMBR can be integrated into the proposed system of this review
instead of UF. This will reduce overall running costs incurred through high energy
consumption, the cost for chemical cleaning, and membrane life which are limitations
in pressure-driven membrane processes.

3. Several studies reported that chemical cleaning could achieve highly efficient mem-
brane cleaning from organic foulants, which may have a strong interaction with the
membrane surface [87–90]. Although chemical cleaning is a viable option, it does not
provide the eco-friendliness and biological treatment options the world is moving
towards and this might cause an environmental problem as the effluent stream may be
discharged containing chemicals. Hence more physio-biological pretreatment options
and parameter optimization can be a way to ensure limited fouling and maintain a
minimal pollution footprint.

11. Conclusions

Whilst biological processes such as anaerobic and aerobic digestion provide the much-
needed benefits of being environmentally friendly and economical, they still fall short
in nutrient removal, digesting FOGs, and removing suspended solids. The choice of
reactor also affects the composition of effluent, the costs incurred during operation, and the
space required. Anaerobic digestion is very sensitive, involving different bacterial groups
(methanogenic, acetogenic, etc.), which all have different optimum conditions. These
bacteria are inhibited by process parameters such as temperature, pH, VFA concentrations,
etc. Therefore, it is paramount to maintain stable operating conditions in the digester.
The DEGBR gives numerous advantages, such as ease of operation, and lowers energy
requirements for pumping, as the water is aided by gravity and also provides turbulent
mixing through the recycled stream. In contrast, the up-flow reactors such as the EGSB
and the UASB experience poor reactor performance caused by a high up-flow velocity,
biomass washout and higher energy requirements to oppose gravity and compensate for
head losses to friction. The DEGBR has become more favorable for treating high strength
wastewater. Adding a pre-treatment stage before anaerobic digestion, where enzymes are
used to hydrolyze and break down FOGs increases biogas production, improves reactor
performance, and results in ease of operation. Other post anaerobic digestion treatment
stages such as nitrification, denitrification, membrane filtration, and ultraviolet radiation
can be added to improve the removal efficiency of P, C, and N, as well as help meet the
regulation standards.
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Abbreviations

COD Chemical oxygen demand
BOD Biological oxygen demand
TSS Total suspended solids
VSS Volatile suspended solids
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DEGBR Downflow expanded granular bed reactor
EGSB Expanded granular sludge bed reactor
AnMBR Anaerobic membrane bioreactor
VFA Volatile fatty acids
FOG Fats oils and grease
WQI Water quality index
TDS Total dissolved solids
UASB Up-flow anaerobic sludge bed
PSW Poultry slaughterhouse wastewater
HRABS High rate anaerobic bioreactors
AGS Anaerobic granular sludge
HRT Hydraulic retention time
OLR Organic loading rate
UV Ultraviolet
SRT Solids retention time
MLSS Mixed liquor suspended solids
ANOs Ammonia oxidising organisms
NNOs Nitrite oxidising organisms
MLE Modified Ludzack Ettinger
PAO Phosphorus accumulating organisms
LPRO Low pressure reverse osmosis
RO Reverse osmosis
UF Ultrafiltration
MF Microfiltration
FO Forward osmosis
OMBR Osmosis membrane bioreactor
EDBM Electrodialysis bipolar membrane
NF Nanofiltration
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Abstract: Nanotechnology has been widely used in many fields including in soil and groundwater
remediation. Nanoremediation has emerged as an effective, rapid, and efficient technology for
soil and groundwater contaminated with petroleum pollutants and heavy metals. This review
provides an overview of the application of nanomaterials for environmental cleanup, such as soil
and groundwater remediation. Four types of nanomaterials, namely nanoscale zero-valent iron
(nZVI), carbon nanotubes (CNTs), and metallic and magnetic nanoparticles (MNPs), are presented
and discussed. In addition, the potential environmental risks of the nanomaterial application in
soil remediation are highlighted. Moreover, this review provides insight into the combination of
nanoremediation with other remediation technologies. The study demonstrates that nZVI had been
widely studied for high-efficiency environmental remediation due to its high reactivity and excellent
contaminant immobilization capability. CNTs have received more attention for remediation of organic
and inorganic contaminants because of their unique adsorption characteristics. Environmental
remediations using metal and MNPs are also favorable due to their facile magnetic separation
and unique metal-ion adsorption. The modified nZVI showed less toxicity towards soil bacteria
than bare nZVI; thus, modifying or coating nZVI could reduce its ecotoxicity. The combination
of nanoremediation with other remediation technology is shown to be a valuable soil remediation
technique as the synergetic effects may increase the sustainability of the applied process towards
green technology for soil remediation.

Keywords: environmental ecotoxicity; nanoremediation; nZVI; CNTs; remediation process;
soil remediation

1. Introduction

Contaminated soil and groundwater, especially in industrialized and urban areas, is
a widespread problem that presents extreme risks to the environment and humans [1,2].
Numerous studies have focused on the remediation of soil, groundwater, wastewater, and
landfill leachate polluted by various contaminants [3,4]. Soil and groundwater remediation
can be broadly classified according to the place of remediation, which can be ex situ or in
situ. For ex situ remediation, the polluted soil or groundwater is recovered from the subsur-
face and treated on the same site or transferred to another site for treatment [5]. In contrast,

Water 2021, 13, 2186. https://doi.org/10.3390/w13162186 https://www.mdpi.com/journal/water
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in situ remediation is when the contaminated soil or groundwater is remediated directly
in the subsurface. The in situ remediation process is often preferred because it is cheaper
than the ex situ remediation process [2,6]. For example, according to Chany et al. [7], the
remediation cost of removal and replacement of contaminated soil is very expensive (on
the order of $3 million/ha), which is considered a big challenge for developing countries
in terms of environmental sustainability practice [7].

Reducing pollution to a desirable and safe level is the main target of soil and ground-
water remediation processes. Physical, chemical, and biological technologies have been
used to achieve this goal for soil and groundwater remediation. In general, several factors
play a significant role in the selection of the optimal soil and groundwater remediation,
including soil properties and contaminants and the nature of selected and designed reme-
diation technology [8]. Conventional methods such as pump-and-treat involve pumping
groundwater by wells and removal of contaminants from the extracted groundwater by ex
situ methods such as carbon adsorption, air stripping, chemical oxidation/precipitation,
or biological reactors. However, these methods are associated with high operating costs
and contaminated waste production [4]. For groundwater and soil contaminated with
organic contaminants in the form of dense nonaqueous phase liquids (DNAPLs), emergent
remediation technology such as surfactant enhanced remediation (SER) has been shown to
be effective. Nevertheless, these technologies are associated with risks; with the decrease
in interfacial force of DNAPLs, uncontrolled vertical movement may occur [9].

In recent years, nanotechnology has been increasingly considered in a broad range
of fields. Nanoparticles (NPs) have many essential and promising properties due to their
enabled functions in many sectors [10–13]. NPs are produced by combining multidisci-
plinary fields such as molecular level manufacturing principles and engineering. Generally,
nanotechnology is a technique that constructs particles in a size range of 1–100 nanometers,
studies the physical phenomena related to those particles and applying these in many
sectors [4]. Nanotechnology is being used in many sectors such as the chemical, electrical,
biomedical, and biotechnology industries. While many industries produce and use various
forms of nanomaterials, there are many attempts to use nanotechnology for environmen-
tal protection activities such as water and wastewater treatment, pollution control, and
treatment/remediation of contaminated soil and groundwater [14].

Technologies that apply nanoremediation for contaminated sites have been used in
recent years (2009 till now). Studies conducted to evaluate nanoremediation technologies
are mostly bench-scale with few field-scale applications [2]. The main advantages of
using nanoremediation for soil and groundwater remediation, especially for extensive site
cleaning, are reduced cost and cleanup time, complete degradation of some contaminants
without the need for the disposal of polluted soil and without the need to transfer the soil
or pump groundwater [14,15].

Nanoremediation technologies involve the use of reactive NPs for conversion and
detoxification of contaminants. The main mechanisms for remediation by NPs are catalysis
and chemical reduction [14,16]. In addition, adsorption is another removal mechanism facil-
itated by the NPs since NPs have high surface-area-to-mass ratios and different distribution
of active sites, increasing the adsorption ability [17]. Many engineering NPs have highly
feasible characteristics for in situ remediation applications due to their innovative surface
coating and minute size. In addition, NPs can diffuse and penetrate the tiny spaces in the
subsurface and be suspended in groundwater for a long time; compared to microparticles,
NPs can potentially travel long distances and achieve larger spatial distribution [14].

The physical movement of NPs and/or transport in groundwater is dominated by
random motion or Brownian movement rather than the wall effect as a result of their
nanoscale characteristics [18]. Thus, compared to microscale particles, which are strongly
influenced by gravity sedimentation due to their density and large size, the movement
of NPs is not controlled by gravity sedimentation, remaining suspended in groundwater
during the remediation process. Thus, NPs afford a functional treatment approach allowing
direct injection into the subsurface where pollutants are present [14].

184



Water 2021, 13, 2186

Several studies have revealed the potential use of nanoremediation for soil and ground-
water [19–22]. However, the environmental effects of those NPs are still unclear and need
more investigation to understand the environmental fate and toxicity of NPs, as these
issues are crucial for environmental protection practice.

The use of nanomaterials for soil and groundwater remediation has been widely
tested at the laboratory level against a large number of contaminants, offering promising
results [23,24]. However, nanomaterials may pose positive or negative impacts on living
organisms, the environment, society, and the economy, which should be evaluated in a
case-specific context. Appropriate documentation of nanoremediation risks, field-scale
validation of remediation results, science–policy interface consultations, and suitable
market development initiatives are ways to increase the popularity and acceptability of
nanoremediation technologies [25]. Savolainen et al. [26] stated that the fundamental
elements of risk assessment are likely to remain and will continue to include the elements
designed for other chemicals and particles, notably (1) hazard identification, (2) hazard
characterization, (3) exposure assessment, and (4) risk characterization, which are the four
steps of the risk assessment process [26]. However, the environmental effects of those NPs
are still unclear and need more investigation to understand the environmental fate and
toxicity of NPs as these issues are crucial for environmental protection practice [15,27].

Various nanomaterials have been investigated for soil and groundwater remediation,
such as metal oxides, nanoscale zeolites, enzymes, carbon nanotubes and fibers, titanium
dioxide, and noble metals [14]. Generally, zero-valent iron (nZVI) is most widely used for
soil and groundwater remediation as nZVI is considered a suitable electron donor and
highly reactive [28]. The use of these different nanomaterials will be discussed in detail in
this review.

The main objective of this review is to present the recent studies and development
regarding the application of nanotechnology for the remediation of soil and groundwater
that are contaminated by a wide range of compounds such as hydrocarbons and heavy
metals. The focus is primarily on the developments of the last decade, which has witnessed
a substantial increase relating in the number of studies examine nanotechnology for the
remediation of soil and groundwater. The potential impact of NP use on the environment
is also presented and discussed. Finally, the feasibility of combining nanoremediation with
other remediation technologies is also discussed.

2. Relationship between Soil and Groundwater: Contaminants and Remediation

Soil and groundwater are susceptible to pollution by a wide array of pollutants such
as petroleum hydrocarbon, chlorinated solvents, and heavy metals. [29]. Selecting a proper
remediation technology for a contaminated environment usually depends on contaminant
characteristics and contaminated site characteristics such as physical, chemical, and bio-
logical properties. All these factors should be considered during the remediation process,
design, and implication. Moreover, the time/cost constraints, the regulatory requirements,
and the remediation mechanisms should be considered in the selection process.

Nevertheless, adopting risk-based management approaches is increasingly a focus
of environmental researchers due to the high demand for sustainable responses to en-
vironmental pollutions [14,30]. The polluted environments are usually surface water,
sediments, soil, and groundwater, which are mainly contaminated with low and high
molecular weight petroleum hydrocarbon compounds, semi-volatile organic compounds,
volatile organic compounds, polycyclic aromatic hydrocarbons (PAHs), polychlorinated
biphenyls, persistent organic pollutants, organochlorinated pesticides, NAPL, hydrophobic
organic compounds, heavy metals, and xenobiotics [31–33]. These pollutants may migrate
or spread far from the source and seriously affect flora, fauna, and the ecosystem [30].
Managing the polluted environments requires the selection of the proper remediation
technology for the pollutants, destruction, and separation methods according to many ex
situ and in situ remediation methods for surface water, sediments, soil, and groundwater
comprising physicochemical, biological, chemical, thermal, electromagnetic, electric, and
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ultrasonic remediation technologies [34–36]. Remediation in an aqueous environment in-
cludes remediation of groundwater and surface water polluted by contaminants, whereas
soil remediation includes remediation of sediment subsoil and topsoil polluted by contami-
nates [37]. Soil and groundwater remediation could be conducted separately or together,
depending on the concentration of contaminants and the extent of pollution. The efficiency
of remediation technology depends on the design and implication based on the characteris-
tics of polluted soil and the remediation technique. Combining one remediation technology
with others sequentially or simultaneously may enhance the overall remediation process
through combined or synergistic effects [38].

3. Nanomaterials

NPs are particles with a dimension between 1 and 100 nm, whereas nanomaterials are
materials with a dimension of 100 nm or less in one dimension at least [39–46]. NPs have
many reaction/adsorption sites on their surface due to the large proportion of atoms [10,47].
This unique property makes NPs highly reactive with surrounding contaminants cumbered
to the composition materials in the macro scale [2]. Nanomaterials can be classified as
natural or manufactured. Clay, iron oxide, and organic matter are examples of naturally
occurring NPs in soil composition. Manufactured NPs are either developed or synthesized
with a unique property to enhance their industrial or technological applications [32,48–50].
Generally, nanomaterials can be produced by two methods; the first method is from outside
to inside or from top to bottom, whereby a significant part transfers into the minor parts.
The second method is from bottom to top, whereby small parts are buildup into more
extensive parts [51].

Several nanomaterials have been developed for contaminant remediation, such as
nZVI, nanoscale zeolites, carbon nanotubes, metal oxides, bimetallic nanoparticles (BNPs),
enzymes, and titanium dioxide (TiO2) [52–57]. Soil remediation using these three nanore-
mediation materials (nZVI, TiO2, and CNTs) can be found in [58].

The unique characteristics of the nanomaterials, such as high surface area, quantum
size effect, ease of separation and recycling, etc., support their usage as adsorbents. For
example, the ferromagnetism of iron-doped nanomaterials supports their recycling and
reuse [11,59]. The potential for nanomaterials recyclability makes them economically
attractive. The hydrophobicity of fullerene is the key factor for its adsorption properties
and ease of recycling [60].

4. Nanoremediation

Many researchers have focused on the use and development of nanoremediation
technologies for soil and groundwater remediation [4]. Nanoremediation is considered an
eco-friendly technology. As a result, it is considered a feasible choice for conventional site
remediation technology [4,17,61].

Nanoremediation may provide a cost-effective and faster solution for site remediation.
Various NPs have been used for nanoremediation, such as metal oxides, nanoscale zeolites,
nanometals, carbon nanotubes, and titanium dioxide. In this section, recently published
studies relating to soil and groundwater remediation using four nanotechnologies are
presented. The four technologies are nanoscale nZVI, carbon nanotube, metal nanoparticle,
and magnetic nanoparticle.

4.1. Soil Nanoremediation

The first implementation of NPs on the field scale for soil and groundwater remedia-
tion was reported 20 years ago and revealed that NPs could remain active in injected soil
for up to 56 days and move with groundwater for more than 20 m [62]. Zhang et al. [62]
reported that more than 99% of trichloroethene (TCE) could be removed from contaminated
sites within a few days.
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4.1.1. Nanoscale Zero-Valent Iron

Injection of nZVI is well-suited to soil remediation because of its limited disruption
to the environment, fast kinetics, cost-effectiveness, and non-toxic nature [63]. Accord-
ing to Karn et al. [63], the first synthesis and use of nZVI were reported in the 1990s.
Iron nanoscale was synthesized from Fe2+ and Fe3+ to produce particles ranging from
10 to 100 nm [14]. nZVI was used to remove many contaminants from water, mainly halo-
genated organic compounds that usually contaminate soil and groundwater. They reported
for the first time the effectiveness of using nZVI for detoxification and transformation of
many environmental contaminants such as chlorinated organic solvents, polychlorinated
biphenyls, and organochlorine pesticides.

Moreover, the authors also showed that modifying nZVI may increase process speed
and efficiency. In a recent study, Tian et al. [64] characterized and investigated the ap-
plication of polyvinylpyrrolidone (PVP)-enhanced nZVI to remediate TCE-contaminated
soil [64]. The results showed that the size of prepared PVP-nZVI was around 70 nm when
the isoelectric point was around 8.5. In terms of TCE removal efficiency of the investigated
system, the removal of TCE was around 84.73%. They concluded that the PVP-nZVI technol-
ogy was promising to remediate TCE-contaminated soil. Subsequently, Reginatto et al. [65]
investigated the performance of nZVI for the removal of hexavalent chromium (Cr(VI))
from clayey residual soil [65]. Five different nZVI materials to contaminant ratios were
used, and three different nZVI injections pressure were applied. The result showed that
the ratio between nZVI and Cr(VI) significantly affected removal efficiency. The removal
efficiency at (1000/11) mg mg−1 ratio was 98%, whereas at (1000/140) mg mg−1, it was
18%. As the pressure increased, the contaminant leaching increased; thus, the pressure of
30 kPa was more efficient.

In another study, Shubair et al. [66] investigated nitrate removal in porous media
using nZVI and modified nZVI using Cu in upflow packed sand column containing a
multilayer system [66]. The results revealed the optimal condition for high nitrate removal
when 10 cm of nZVI/sand was used, where the nitrate removal efficiency was around
97%. On the other hand, for Cu-modified nZVI/sand, the best condition was noted when
a double 5 cm layer was used, where complete nitrate removal was observed. The result
suggests that using nZVI in a single layer or Cu-modified nZVI in a multilayer could
achieve high nitrate removal. In a subsequent study, Xue et al. [67] investigated the
performance of rhamnolipid modified nZVI (R-nZVI) to reduce lead (Pb) and cadmium
(Cd) in river sediments by immobilization [67]. They demonstrated that after 42 days,
R-nZVI transformed unstable Pb and Cd to stable fractions as the residual percentage of Pb
and Cd increased to reach 43.10 and 56.40%, respectively. In a recent study, Blundell and
Owens [19] investigated the performance of nZVI for 1,1,1-Trichloro-2,2-bis(4-chlorophenyl)
ethane (DDT) removal from contaminated soil [19]. They compared the efficacy of nZVI to
microscale zero-valent (μZVI). They found that samples treated with nZVI showed around
85% reduction in DDT concentration, whereas about 11% reduction in DDT was observed
when μZVI was used. The result clearly shows the superiority of using nZVI over μZVI on
DDT removal from contaminated soil. Table 1 summarizes the main results of the recent
studies conducted for soil remediation by nanoremediation technologies. The mechanism
of metal ions removal using nZVI which involve reduction, oxidation, adsorption and/or
precipitation, as shown in Figure 1 [19].
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Figure 1. Metal ions removal using nZVI (A) is the mechanism and (B) is the particles aggregations. Reprinted with
permission from [19] (2021, Elsevier).

4.1.2. Carbon Nanotubes

Since the beginning of their application in the water treatment industry, carbon nan-
otubes (CNTs) have received significant attention from many researchers due to their
superior properties, especially their adsorption properties, since CNTs have a strong abil-
ity to be attached to the functional groups of pollutants [79]. CNTs can be classified as
single-walled carbon tubes and multi-walled carbon nanotubes.

Many studies have been carried out to investigate the performance of CNTs in
terms of soil and groundwater remediation. One such attempt has been conducted by
Apul et al. [68], who evaluated the performance of microwave-assisted CNTs for remov-
ing total petroleum hydrocarbons (TPH) from the soil [68]. Results showed that after
using microwave treatment for 60 s, an 82% removal efficiency of TPH was achieved.
Zhang et al. [69] assessed the remediation of Cr(VI) contaminated soil using carboxylate
or hydroxylated multi-walled carbon nanotubes (MWCNT-COOH or MWCNT-OH) [69].
In addition, the effect of their catalytic activity on the reduction of Cr(VI) by citric acid
was evaluated. The results showed that at pH 5, Cr(VI) adsorption capacity was 8.09 and
7.85 mg g−1 by MWCNTs-COOH and MWCNT-OH, respectively. In a subsequent study,
Cheng et al. [70] studied the efficiency of modified carbon black NPs (MCBN) for petroleum
biodegradation and heavy metal immobilization in contaminated soil remediated by plant–
microbe combined remediation [70]. The result showed that 65% of petroleum degradation
increased in petroleum-Ni co-contaminated soil, whereas in petroleum-Cd co-contaminated
soil, the increase in petroleum degradation was 50%. Moreover, the result showed that
heavy metals’ availability could significantly decrease by using MNCB in Cd- and Ni-
contaminated soil, leading to enhancing the plant’s growth.

In another study, Gong et al. [80] investigated the performance of single-walled carbon
nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs) for the reduction
of dichlorobiphenyls- chloroethane (DDT) and hexachlorocyclohexane (HCH) [80]. The
authors used different concentrations of SWCNTs and MWCNTs as well as different
remediation times. The result showed that CNTs could effectively treat DDTs and HCHs.
Optimum conditions for the SWCNTs were 0.29 wt% dosages for 4 months. In addition, the
results suggest that the efficiency of CNTs remediation was highly dependent on dosage
and sediment–sorbent contact time. Abbasian et al. [72] used MWCNTs to enhance the
bioremediation of crude oil-contaminated soil [72]. They mixed different concentrations of
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crude oil with MWCNTs for 30 days, and then the microbial diversity of these samples was
identified by fluoxetine (FLX) pyrosequencing. The results revealed that using MWCNTs
can enhance the degradation of hydrocarbons by increasing the total microbial population.
MWCNTs were also used to examine the performance of carbon materials to remediate
DDTs and HCHs from sediment. The results showed that sediment remediated with 2 wt%
activated carbon (AC) and MWCNTs showed 93% and 59% decrease for DDTs, respectively,
and 97% and 75% for HCHs in aqueous equilibrium [73]. The results suggest that the AC
was more effective than MWCNTs due to its great specific surface area. These findings
revealed the promising of using carbon materials as in situ soil remediation.

4.1.3. Metal and Magnetic Nanoparticles

The use of metal NPs to remediate and immobilize the contaminant from soil and
groundwater has attracted much attention recently [74]. Many recent studies examined
the performance of using metal NPs for soil remediation. One such attempt has been
presented by Peikam and Jalali [74], who studied the remediation of Zn, Ni, and cadmium
(Cd) from two contaminated non-calcareous and calcareous soils by SiO2 NPs [74]. The
result showed that the reduction of Cd was maximum with 3% SiO2 (56.1%) and 1% Al2O3
(38.3%) for the calcareous and non-calcareous soils, respectively. In terms of Zi, the highest
reduction in calcareous and non-calcareous soil was 57.1% for 3% TiO2 and 28.8% for
3.0% Al2O3. In an earlier study, Qiao et al. [75] examined the performance of biochar-
supported iron phosphate NPs stabilized by a sodium carboxymethyl cellulose composite
for Cd remediation from contaminated soil [75]. A batch experiment with composite
(soil-to-solution ratio 1 g: 10 mL) was used. The results indicated that after 25 days, 81.3%
of Cd was reduced. The results suggest that the investigated composite could enhance
the immobilization of Cd in soil by reducing bioaccessibilty and leachability. In a recent
study, Baragano et al. [76] compared the performance of goethite nanospheres (nGoethite)
and nZVI for contaminated soil remediation [76]. The result showed that for 2% nZVI
dosage, the decrease was 89.5%. The soil phytotoxicity was reduced in general, and the
soil parameters were not negatively affected by using nZVI to remediate the contaminated
soil. On the other hand, the use of nGoethite showed an excellent result as a small dosage
of nGoethite (0.2%) could decrease the As by 82.5%. However, at high dosage, the soil
phytotoxicity increased as the electrical conductivity of the soil increased due to using high
dosage. The results suggest that both nGoethite and nZVI are promising nanomaterials for
As immobilization from contaminated soil.

Environmental remediation using magnetic NPs (MNPs) has received attention re-
cently because of their facile separation using a magnet and special metal-ion adsorption.
Several studies investigated the performance of MNPs for soil and groundwater remedi-
ation. Fan et al. (2016) examined new MNPs (core–shell Fe3O4@SiO2 NPs coated with
iminodiacetic acid chelators) for contaminated soil remediation by non-magnetic heavy
metals [77]. The mechanism of removal was chelation and separation by magnetic force.
The results indicated that the removal rates of Cd and Pb were 84.9% and 72.2%, respec-
tively. In addition, the results demonstrated that the organic content of the soil negatively
affected the removal of the residual heavy metals, whereas the use of MNPs did not change
the chemical composition of the soil.

4.2. Groundwater Nanoremediation

The use of NPs in water treatment started in the 1990s and is therefore considered
one of the newer technologies. Gillham and Hannesin (1964) were the first researchers to
use the idea of using NPs on decontamination of contaminated water. They used nZVI
for remediation of the halogenated group [81]. Nevertheless, Wang and Zhang (1997)
conducted the first study that used NPs to remediate organo-chlorines from contaminated
groundwater. They observed complete and rapid removal of several aromatic chlorinated
using bimetallic NPs [82].
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4.2.1. Nanoscale Zero-Valent Iron

Since 1997, various nanomaterials have been used for groundwater remediation.
However, the application of nZVI for groundwater remediation has received more focus
due to their low cost of production and low toxicity [2,63,83]. Figure 2 represents the
remediation process by injection of nZVI for DNAPLs. It is reported that nZVI could be
used for chlorinated organic compound remediation. Lin et al. (2018) studied the perfor-
mance of polyethyleneimine (PEI)-coated nZVI (PEI-nZVI) to remediate three DNAPLs
(perchloroethene (PCE), trichloroethylene, and 1,2-dichloroethene (1,2-DCE)) by direct
injection in the field test [84]. The result showed that after one day of injection, a re-
markable reduction in the DNAPLs was recorded. The result showed complete removal
(>99%) of the three DNAPLs after one day from the (PEI-nZVI) injection [84]. In a recent
study, Chen et al. (2020) investigated the performance of sulfide-modified nZVI (S-nZVI)
supported on biochar (BC) for TCE removal from groundwater. In addition, the effect of
many factors such as the mass ratio of S-nZVI to BC, pyrolysis temperature of biochar, and
initial pH on the TCE removal were examined [20]. The results indicated that the mass
ratio of S-nZVI to BC could satisfy the amount of degradation and adsorption of TCE. The
pyrolysis temperatures could influence the TCE degradation and adsorption by changing
the physicochemical properties of BC. The initial pH had no significant effect on the total
TCE removal, whereas the degradation was enhanced at high pH. Moreover, the result
showed that within 2 h reaction time, 100% of the TCE was removed at S-nZVI@BC500,
where at S-nZVI@BC300 and S-nZVI@BC700, the removal efficiencies of TCE were 79.97%
and 86.4%, respectively [20]. In a similar study, Chen et al. [20] studied the effects of
Fe/S molar ratio, dissolved oxygen, initial pH, and particle aging on TCE remediations by
S-nZVI [20]. The result indicated that Fe/S molar ratio and initial pH remarkably affected
the TCE removal, where a higher TCE removal was obtained at Fe/S molar ratio of 60 at
pH above 7. A slight decrease in TCE decolorization was observed when S-nZVI was aged
up to 20 days, whereas a remarkable decrease was observed at an aging time of 30 days.
Finally, dissolved oxygen had a small effect on TCE removal S-nZVI [85]. In another study,
Zhu et al. [86] used green technology to synthesize nZVI/Cu from green tea for Cr(VI)-
contaminated groundwater remediation [86]. The result showed that the removal efficiency
of Cr(VI) was enhanced by decreasing the initial Cr(VI) concentration and initial pH and
increasing the temperature, while the presence of humic acids in groundwater decreased
the activity of nZVI/Cu. In addition, the result indicated that at optimum conditions
(pH = 5, temperature 303 K), the Cr(VI) removal efficiency was 94.7%. Finally, the results
suggest that nZVI/Cu is a promising green technology for contaminated groundwater by
Cr(VI) [86]. Díaz et al. [21] evaluated the performance of two dosages of commercial nZVI
(1 and 5%) for Cu and/or Ni immobilization from water and acidic soil. The results showed
that the presence of Cu affected the immobilization of Ni, whereases the presence of Ni did
not affect the immobilization of Cu. The efficiency of nZVI was better in water than in soil.
The use of 5% dosage completely removed Cu and Ni from water samples, where in soil
samples, 5% dosage achieved 54% and 21% embolization for Ni and Cu, respectively [21].

4.2.2. Carbon Nanotubes

In recent years, the use of CNTs for water and groundwater remediation has been in-
creasingly attractive due to their high adsorption affinity. Many recent studies investigated
the performance of CNTs for contaminated groundwater remediation. Mpouras et al. [22]
investigated Cr(VI) removal from groundwater by MWCNTs. In addition, the effect of
operating conditions such as MWCNTs and Cr(VI) concentration, pH, and contact time
were examined [22]. The results showed that pH has a significant effect on the adsorption
efficiency of MWCNTs; for pH higher than 7, the adsorption process remarkably increased.
The adsorption process increased by increasing the MWCNTs concentration. At pH 8, the
adsorption percentage increased from 85% to 100% as the concentration of MWCNTs in-
creased from 10 to 50 g L−1 [22]. In another study, Lico et al. [87] examined the performance
of MWCNTS for the removal of unleaded gasoline from water [87]. They used a lab-scale
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experiment by adding 20 mL of unleaded gasoline to 30 mL of water and adding different
MWCNTs. The results indicated that a small amount of MWCNTs (0.7 g) could remove
within 5 min a high percentage of unleaded gasoline. In another study, Liang et al. [88]
investigated the efficiency of using alumina-decorated MWCNTs (Al2O3/MWCNTs) for
simultaneous remediations of cadmium (Cd(II)) and TCE from groundwater [88]. They
conducted a batch experiment for a wide range of conditions. The result showed that
the maximum adsorption capacities achieved by Al2O3/MWCNTs were 19.84 mg g−1 for
Cd(II) and 27.21 mg g−1 for TCE. The results suggest that Al2O3/MWCNTs could be a
promising technology for Cd(II) and TCE-contaminated groundwater remediations [88].
Table 2 summarizes the recent works conducted in water and groundwater remediation by
nanoremediation technologies.

 

Figure 2. Remediation of an aquifer contaminated by DNAPLs injecting nZVI suspensions directly at the sources of
contamination. Reprinted with permission from [83] (2014, Elsevier).

4.2.3. Metal and Magnetic Nanoparticle

The use of metal and magnetic NPs in water and groundwater remediation has
received significant attention due to their unique properties. Ou et al. [90] studied the
performance of iron-coated aluminum (Fe/Al) BNPs and aluminum-coated iron (Al/Fe)
BNPs for the remediations of Cr(VI) from contaminated groundwater [90]. The results
indicated that the Cr(VI) removal rate depended on reactive sites and the saturation
concentration when (Fe/Al) was used. Moreover, the results showed that the investigated
NPs could decrease Cr(VI) to Cr(III). The removal efficiency was 1.47 g g−1 when (Fe/Al)
BNPs were used and 0.07 g g−1 when (Al/Fe) BNPs were used [90]. In a subsequent
study, Wang et al. [91] examined the removal of Cr(VI) from contaminated groundwater
using iron sulfide NPs (FeS NPs) [91]. The batch test results indicated that a high removal
efficiency (1046.1 mg Cr(VI) per gram FeS NPs) was achieved when FeS NPS was used. This
high removal efficiency could be attributed to three mechanisms: reduction, adsorption,
and co-precipitation. In addition, they found that the pH significantly affected the Cr(VI)
removal using FeS NPs. The results suggest that the synthesized Fe NPs could be a
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promising remediation technology for in situ remediations of Cr(VI) contaminated soil
and groundwater [91]. In another study, Xie et al. [92] investigated the immobilization of
selenite (Se(IV)) in soil and groundwater using Fe-Me binary oxide NPs [92]. The results
showed that high Se(IV) uptake was noticed at a pH range of 5–8, the typical groundwater
range. According to Langmuir’s maximum capacity, the adsorption capacity was 109 mg
Se(IV) per g Fe-Me NPs [92]. In another study, Dong et al. [93] examined the effect of
the aging time of Fe/Ni BNPs on particle activity [93]. Moreover, they investigated the
reactivity of aged Fe/Ni BNPs by examining their performance in removing tetracycline
(TC). The results showed that the aged time plays a significant role in TC removal. The
removal efficiency of TC was in the range of 82.3–92.5%. As the aged time increased to
5–15 days, the removal efficiency of TC decreased by 20–50% to reach around 50%, due to
oxidation and aggregation of the particles. Finally, the removal efficiency of TC by 90 days
using aged Fe/Ni BNPs was around 30% [93].

Groundwater remediations using MNPs have received attention recently because of
their facile separation using a magnet and unique metal-ion adsorption. Many studies re-
cently investigated the performance of MNPs for groundwater restoration. Gong et al. (2017)
investigated the performance of FeS-coated iron (Fe/FeS) magnetic NPs (MNPs) for the
remediation of Cr(VI)-contaminated groundwater (Figure 3) [80]. The results showed that
the molar ratio of S/F has a significant effect on the Fe/FeS MNPs. Increasing the S/Fe
molar ratio to 0.138 decreased Cr(VI) removal by 42.8%. However, a further increase of
0.207 increased the removal efficiency by 63% within 72 h.

Moreover, the results indicated that the adsorption process of Cr(VI) by Fe/FeS at S/F
molar ration of 0.207 fitted with a pseudo-second-order kinetic model and the sorption
capacity was 69.7 mg g−1, which was simulated by the Langmuir isotherm model [80].
Huang and Keller [94] developed a regenerable magnetic ligand nanoparticle (Mag-ligand)
to rapidly remove Cd and Pb from contaminated water [94]. The results showed high
performance of mega-ligand as Cd and Pb were removed from contaminated water quickly,
and Cd was removed in less than 2 h where Pb in less than 15 min. The performance of
mega-legend in terms of Cd and Pb was not affected by pH (3–10). In addition, the whole
regeneration process can be achieved by washed Mega-legend easily by 1% HCl. The
results suggest that modified mega-legend is a feasible nanoparticle for efficient, rapid,
and convenient removal of Cd and Pb from the contaminated aquatic system [94]. In a
recent study, Alani et al. [96] successfully synthesized zero-valent Cu NPs and examined
their performance for dye removal from water [96]. The results showed that the removal
time was between 5 and 13 min and over 90% removal efficiency was achieved, indicating
that the synthesized zero-valent Cu nanoparticle has a great catalytic ability [96]. In
another study, Li et al. [95] examined the performance of magnetic mesoporous silica NPs
(MMSNPs) for the remediation of uranium (U(VI)) from high and low pH [95]. The result
showed that MMSNPs were efficient for U(VI) removal in the pH range of (3.5–9.6) for
artificial groundwater. They found that MMSNPs adsorption capacity can reach 133 g U(VI)
per g MMSNPs; these results indicate that MMSNPs are a promising solution for treating
U(VI) contaminated groundwater at extreme pH [95]. In a recent study, Ari et al. [97]
successfully synthesized α-Fe2O3 NPs via a biosynthesis method using leaf extracts of
Azadirachta indica (neem) and a non-toxic precursor salt (FeCl3·6H2O). In addition, they
investigated the potential of using α-Fe2O3 NPs as heterogenous catalyst for tetracycline
degradation. The result showed that α-Fe2O3 NPs demonstrated excellent performance as
a heterogenous catalyst for degradation of tetracycline aqueous solution by the synergistic
effect of the UV/Fenton system [97].
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Figure 3. Groundwater remediation using Fe/FeS nanoparticles. Reprinted with permission from [80] (2017, Elsevier).

5. Environmental Risk and Ecotoxicology

Although nanomaterials have been used effectively for soil and groundwater remedia-
tion, exposure to nanomaterials may have deleterious effects on humans and environments.
Toxicological risk assessments need data on both uptake and exposure of nanomaterials
and the immediate effects of NPs when they enter the human system. However, to form a
conclusion and recommendations, there are limited data in this domain. The process and
factors influencing ecotoxicity are complex. Thus, many factors may determine the impact
of synthesized NPs on organisms, such as dissolution potential, particle surface properties,
aggregation potential, exposure environment properties, and the physiological, biological,
and organism behavior when exposed to NPs [14].

Many studies highlighted the impact of nanomaterials on both humans and environ-
ments. For example, iron oxide NPs has a mutagenic impact as it may damage organisms’
ability to develop or reproduce [98]. Results indicated exposure to subinhibitory concentra-
tions of amoxicillin-bound iron oxide NPs, in the presence of humic acid, and increased
bacterial growth in pseudomonas aeruginosa and Staphylococcus aureus [99]. The joint
effects of NPs and other contaminants on terrestrial plants are increasingly investigated
but still limited. To provide a sound basis for risk assessment, more research should
evaluate the joint effects under realistic conditions [100]. The size and shape of NPs ulti-
mately determine the degree of toxicology. Therefore, not only is monitoring of NPs in
soil–plant systems is not essential, but more information is needed on their size allocation
and physical properties [101]. Most of the reviewed nano-risk assessment approaches
are designed to serve as preliminary risk screening and/or research prioritization tools
and are not intended to support regulatory decision making. Although the conventional
risk assessment framework is a valuable approach, it may fail to adequately estimate the
health and environmental risks from engineering nanomaterials in the near term due to
overwhelming methodological limitations and epistemic uncertainties [102]. In this section,
an overview of the recent studies about concerns related to the environmental risk of using
nanomaterials for soil and groundwater remediation is presented.

Gómez-Sagasti et al. [103] conducted a 3 months experiment to investigate the influ-
ence of nZVI concentration (ranging from 1 to 20 mg L−1) on soil microbial properties in
two types of soil: sandy-loam and clay-loam soils [103]. The results presented evidence
that soil type may affect the degree of potential toxic effects on soil microbial communi-
ties by nZVI. The results showed that the accentuated inhibitory impact of nZVI on soil
microorganisms in sandy-loam soil was more obvious than clay-loam soil. This can be
attributed to the high organic content in clay-loam soil, which acts as a protective agent
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when nZVI was added to the soil by rendering nZVI inactive, thus prohibiting interaction
with soil microorganism cells. Bacterial biomass and arylsulphatase activity, diversity,
and richness were negatively influenced by remediation of sandy-loam soil by nZVI. In
terms of concentration, they found no obvious concentration–response effect on the soil
by nZVI application. The study suggests that many investigations are required using
a wide range of soil types and soil proprieties to have clear insight into soil properties’
effect and type on the impact of nZVI on soil bacteria communities [103]. In another study,
Dong et al. [104] investigated the effects of carboxymethyl cellulose (CMC) surface coating
on the cytotoxicity and colloidal stability of nZVI towards Escherichia coli (E. coli) and
studied the interrelation between cytotoxicity and particle stability [104]. In addition, they
examined the influence of CMC ionic strength (Ca2+), concentration, and aging treatment
on particle cytotoxicity. The results indicated that nZVI without coating harms E. coli and
time- and concentration-dependent.

On the other hand, the cytotoxicity of nZVI decreased when the nZVI particles were
coated with CMC. This can be attributed to the cell membrane that kept intact in CMC-
modified nZVI, whereas cell membrane disruption could be observed when bare nZVI
contact with E. coli. The aged nZVI and CMC-nZVI did not affect E. coli due to the Fe0

transformation to less toxic iron oxide. The toxicity of nZVI and CMC-nZVI related to the
existence of Ca2+ was concentration-dependent as it can either decrease or increase. The
presence of Ca2+ could decrease the toxicity of nZVI by causing aggregation and settling
of nZVI.

However, the presence of Ca2+ could also increase the toxicity of nZVI by facilitating
the adhesion of NPs onto the bacteria surface, forming a more toxic effect [104]. In another
study, Chaithawiwat et al. [105] studied the effect of nZVI on the bacterial growth phases
on four bacterial strains [105]. The results showed that lag and stationary phases for all
bacterial strains were resistant to nZVI, whereas the bacterial strains in exponential and
decline phases showed less resistance than lag and stationary phrases. In addition, the
results indicated that increasing the nZVI concentration increased bacterial inactivation.
The results suggest that it is necessary to consider the bacterial growth phase and nZVI
concentration when studying the influence of nZVI on the bacteria [105]. In a subsequent
study, Cheng et al. [106] examine the toxicity of S-nZVI to E. coli in an aqueous solution [106].
The result indicated that the toxicity of nZVI could be reduced by sulfidation as S/nZVI
showed less toxicity at a lower F/S molar ratio, coming out from the higher iron oxide and
sulfate and lower Fe0 content. The results suggest that the typical groundwater contents
(i.e., Ca2+, HCO3−, SO4

2−, and humic acid) could drop the toxicity of nZVI. In addition,
in the presence of groundwater mix components, the S/nZVI toxicity was negligible. The
results suggest that the implication of S/nZVI could present a low toxicity risk in the
ecosystem [106]. In a recent study, Li et al. [107] conducted a long-term study to examine
the effect of zeolite-supported nZVI (Z-nZVI) on farmland soils on bacterial communities
during the remediation of metals (Cd, As, Pb) [107]. The result indicated that temporary
shifts in pH-sensitive, iron resistance/sensitivity, metal resistance, and denitrifying bacteria
after adding Z-nZVI were eliminated due to the soil characteristics that drove the re-
establishment of the indigenous bacterial community Z-nZVI and restored the bacterial
DNA replication and denitrification activity in the soil. The results suggest that Z-nZVI is a
promising nanoremediation technology for long-term metal-contaminated soil remediation
without ecotoxicity effects [107].

The toxicity of using CNTs in soil and groundwater remediation has been studied
by many researchers [108]. However, there are insufficient data related to the effect of
CNTs on both humans and the environment. Song et al. [109] studied the effects of
MWCNTs different dosages (0.5, 1.0, 2.0, wt%) on bacterial communities, especially the
metabolic function, in phenanthrene contaminated sediment [109]. The results indicated
that the metabolic function of microbial communities could be significantly changed by the
application of high dosage (0.5–2.0, wt%). This can be attributed to the utilization of carbon
sources on Biolog ECO microplate. Remotion of phenanthrene-contaminated sediment
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with 0.5% MWCNTs presented the best microbial activity and Shannon–Wiener diversity
index [109].

6. Combined Nanoremediation with Other Remediation Technology

The combination of nanoremediation technologies with other mitigation methods
has attracted significant research in recent years. Synergetic studies can be characterized
as combining multiple nanoremediation methods simultaneously or combined with soil
flushing or with biotreatment. In this section, an overview of the recent work in this domain
is presented.

Several studies combined many nanoremediation methods at the same time.
Vilardi et al. [110] examined the combination of nZVI and CNTs for the remediation
of Cr(VI), selenium (Se), and cobalt (Co) from aqueous solutions by conducted a batch
experiment [110]. The result indicated that for Cr(VI), the main removal mechanism the
reduction, whereas adsorption was the predominant mechanism for other metals. The
results showed that the Cr(VI) removal efficiency was 100% when nZVI was used alone
without pH change, whereas it decreased to around 90% when CNTs-nZVI nanocomposite
was used. On the other hand, using CNTs-nZVI showed high removal efficiency for Se
and Co at 90% and 80%, respectively. The results suggest that the CNTs–nZVI nanocom-
posite showed high adsorption efficiency for remediation of heavy metals-contaminated
water [110]. In another study, Zhang et al. [111] studied the performance of carboxymethyl
cellulose (CMC)-stabilized nZVI composited with BC (CMC-nZVI/BC) for remediation of
Cr(VI)-contaminated soil [111]. The results indicated that, after 21 days, the immobilization
efficiency of Cr(VI) was 19.7, 33.3, and 100% when the dosage of CMC-nZVI/BC was 11,
27.5, and 55 g Kg−1, respectively. The results suggest that the addition of BC to CMC-nZVI
could decrease the Cr(VI) transformation slightly, as a small part of CMC-nZVI could
be adsorbed to biochar. The Crtotal removal efficiency was high because the reduction
reaction continued to remediation [69]. In a recent study, Qian et al. [112], for the first
time, investigated the performance of biochar-nZVI for the remediation of chlorinated
hydrocarbon in the field [112]. They used direct-push and water pressure-driven packer
techniques. The field study results demonstrated a sharp reduction of chlorinated solvents
in the 24 h after the first injection of nZVI, but within the next two weeks, a rebound
of the concentrations in groundwater was observed. However, the implementation of
biochar-nZVI highly improved the removal of the chlorinated solvent from groundwater
for 42 days (Figure 4). The results suggest that biochar-nZVI is a promising combined
technology for chlorinated solvent contaminated groundwater remediation [112].

Galdames et al. [29] developed a new approach combining nanoremediation with
bioremediation for hydrocarbon and heavy metals remediation from contaminated soil [29].
Specifically, the method uses a combination of nZVI and compost from organic waste. The
results indicated that the combination of nZVI and compost could decrease the aliphatic
hydrocarbons concentration up to 60% even under uncontrolled conditions. In addition,
they observed a remarkable decrease in ecotoxicity in the bio-pile of soil [29]. In another
study, Alabresm et al. [113] studied the combination of PVP-coated magnetite NPs with oil-
degrading bacteria for crude oil remediation at the lab scale [113]. The result indicated that
NPs alone removed around 70% of high oil concentration after 1 h. However, the removal
efficiency did not increase due to the saturation of NPs. On the other hand, bioremediation
by oil-degrading bacteria removed 90% of oil after 48 h. Finally, the combination of NPs
and oil-degrading bacteria could completely remove the oil within 48 h. This was attributed
to the sorption of oil components to NPs and following degradation by bacteria. Further
investigation is needed to understand the oil removal mechanism when combining NPs
with oil-degrading bacteria are used for oil remediation [113].
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Figure 4. Step of injection procedure. Reprinted with permission from [112] (2020, Elsevier).

Recently, Czinnerova et al. [114] conducted a long-term field study that investigated
the degradation of chlorinated ethenes (CEs) by using nZVI supported by electrokinetic
(EK) treatment (nZVI-EK) [114]. EK may enhance the nZVI impact on soil bacteria and
increased the migration and longevity of nZVI. The results indicated a rapid decrease in cis-
1,2-dichloroethene (cDCE) at around 70%, followed by setting new geochemical conditions
as a degradation product of CE (ethene, ethane, and methane) was observed. These new
conditions enhanced the growth of soil and ground bacteria, such as organohalide-respiring
bacteria. The results suggest that nZVI-EK remediation technology is a promising method
for CE remediation from soil and groundwater and enhanced bacteria availability in soil
and groundwater [114]. In another study, Sierra et al. [115] studied a combination of soil
washing and nZVI for the removal and recovery of toxic elements (As, Cu, Hg, Pb, Sb) from
polluted soil (Figure 5) [115]. The results showed that a high recovery yield was obtained
for Pb, Cu, and Sb in the magnetically separated fraction, whereas Hg was concentrated
in a non-magnetic fraction. Taking everything into account, the soil washing efficiency
was enhanced by adding nZVI, especially for a larger fraction. The results suggest that the
investigated methodology opens the door for NPs’ use in soil-washing remediation [115].

 

Figure 5. Soil washing assisted nZVI nanoremediation. Reprinted with permission from [115] (2018, Elsevier).
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Qu et al. [116] studied the implication of an activated carbon fiber (ACF)-supported
nZVI (ACF-nZVI) composite for Cr(VI) remediation from groundwater [116]. In addition,
they examined the effect of the operation condition such as nZVI amount on activated
carbon fiber, initial Cr(VI) concentration, and pH value on the Cr(VI) removal by conducting
a batch experiment. The results indicated that the aggregation of nZVI could be inhabited
by ACF, which increases the nZVI reactivity and Cr(VI) removal efficiency. The removal
efficiency of Cr(VI) decreased with increasing Cr(VI) initial concentration, whereas, in an
acidic environment, complete removal (100%) of Cr(VI) was observed in 1 h reaction time.
The proposed removal mechanism consisted of two steps: the first step was the physical
adsorption of Cr(VI) on the ACF-nZVI surface area or inner layer, where the second step
was a reduction of Cr(VI) to Cr(III) by nZVI [116]. In another study, Huang et al. [117]
studied the activation of persulfate (PS) by using a zeolite-supported nZVI composites (PS-
Z/nZVI) system and examined its efficiency for TCE degradation. The results indicated
that Z/nZVI showed high ability towards PS activation (1.5 mM), and high removal
efficiency (98.8%) of TCE was observed at pH 7 within 2 h. Moreover, the PS-Z/nZVI
system showed high efficiency in terms of TCE for a wide range of pH (4–7) [117]. Table 3
summarizes the recent works conducted in soil and groundwater remediation by combining
nanoremediation technologies with other remediation methods.

Table 3. Recent studies employed the combination of nanoremediation technologies with other remediation methods.

Nanomaterial Contaminant Experimental Conditions Important Results Ref.

CNTs-nZVI Cr(VI), Se, Co Dosage 3 g L−1
; Initial

concentration 1–10 mg L−1; pH 6–8

The result indicated that for Cr(VI), the main removal
mechanism was reduction, whereas adsorption was
the predominant mechanism for the metals. The
results showed that the Cr(VI) removal efficiency was
100% when nZVI was used alone without the effect of
pH change, whereas it decreased to around 90%
when CNTs–nZVI nanocomposite was used. On the
other hand, using CNTs-nZVI showed high removal
efficiency for Se and Co at 90% and 80%, respectively.

[110]

CMC-nZVI/BC Cr(VI)
CMC-nZVI/BC dosage 11, 27.5,
55 kg g−1; Cr(VI) initial
concentration 800 mg kg−1

The results indicate that, after 21 days, the
immobilization efficiency of Cr(VI) was 19.7, 33.3, and
100% when the dosage of CMC-nZVI/BC was 11,
27.5, and 55 g Kg−1, respectively.

[69]

Biochar-nZVI Chlorinated
solvents

nZVI dosage (30) g L−1; injection
depth (3.5, 4.5, 5.5) m

The field study results demonstrated a sharp
reduction of chlorinated solvents in the 24 h after the
first injection of nZVI, but within the next two weeks,
the re-bond of the concentrations in groundwater was
observed. However, the implementation of
biochar-nZVI highly improved the removal of the
chlorinated solvent from groundwater for 42 days.
The results suggest that biochar-nZVI is a promising
combined technology for
chlorinated-solvent-contaminated groundwater
remediation.

[112]

nZVI combined
with compost from
organic waste

Hydrocarbons
(TPH, PAHs)
and heavy
metals

TPH initial concentration
(104.3) mg kg−1; PAHs initial
concentration (2.25) mg kg−1

The results indicated that the combination of nZVI
and compost could decrease the aliphatic
hydrocarbons concentration by up to 60% even under
uncontrolled conditions. In addition, they observed a
remarkable decrease in ecotoxicity in the biopile of
the soil.

[29].

PVP-coated
magnetite NPs with
oil-degrading
bacteria

Crude oil
Oil initial concentration
(375) mg L−1; NPs dosage
(18) mg L−1

The result indicated that NPs alone removed around
70% of high oil concentration after 1 h. However, the
removal efficiency did not increase due to the
saturation of NPs. Bioremediation by oil-degrading
bacteria removed 90% of oil after 48 h. Finally, the
combination of NPs and oil-degrading bacteria could
completely remove the oil within 48 h

[113]
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Table 3. Cont.

Nanomaterial Contaminant Experimental Conditions Important Results Ref.

nZVI-EK Chlorinated
ethenes (CEs)

nZVI dosage 3 g L−1; DC voltage
24 V

The results indicated a rapid decrease in
cis-1,2-dichloroethene (cDCE) by around 70%,
followed by new geochemical conditions as a
degradation product of CE (ethene, ethane, and
methane) was observed. These new conditions
enhanced the growth of soil and ground bacteria such
as organohalide-respiring bacteria. The results
suggest that nZVI-EK remediation technology not
only is a promising method for CE remediation from
soil and groundwater but also enhanced the bacteria
availability in soil and groundwater.

[114]

Soil washing
assessed nZVI

As, Cu, Hg,
Pb, Sb nZVI dosage (16) wt%

The results showed that a high recovery yield was
obtained for Pb, Cu, and Sb in the magnetically
separated fraction, whereas Hg concentrated in the
non-magnetic fraction. Taking everything into
account, the soil washing efficiency was enhanced by
adding nZVI, especially for a larger fraction. The
results suggest that the investigated methodology
open the door for the use of NPs in soil washing
remediation.

[115]

ACF-nZVI Cr(VI) Cr(VI) initial concentration
(5, 10) mg L−1

The results indicated that the aggregation of nZVI
could be inhabited by the presence of ACF, which
increases the nZVI reactivity and Cr(VI) removal
efficiency. The removal efficiency of Cr(VI) decreased
with increasing Cr(VI) initial concentration, whereas,
in an acidic environment, full removal (100%) of
Cr(VI) was observed in 1 h reaction time. The
proposed removal mechanism consisted of two steps:
the first step was the physical adsorption of Cr(VI) on
the ACF-nZVI surface area or inner layer, while the
second step was a reduction of Cr(VI) to Cr(III)
by nZVI

[116]

PS-Z/nZVI TCE

TCE initial concentration
(0.15) mM; Z/nZVI dosage
(84) mg L−1;
PS concentration (1.5) mM

The results indicated that Z/nZVI showed high
ability for PS activation (1.5 mM), and high removal
efficiency (98.8%) of TCE was observed at pH 7
within 2 h. Moreover, the PS-Z/nZVI system showed
high efficiency in terms of TCE for a wide range of
pH (4–7).

[117]

7. Conclusions

This review aims to present the latest advances in nanoremediation of contaminated
soil and groundwater. The main advantages of using nanomaterials in soil remediation
are reduction in cleanup time and overall costs, decreased pollutants to nearly zero in
the site, and no need to dispose of polluted soil. The wide use of nZVI nanomaterials
in environmental cleanup is due to their high reactivity and high ability to immobilize
heavy metals such as Cd, Ni, and Pb. Modifying and/or coating nZVI may decrease the
toxicity effects on soil microorganisms. The high adsorption capacity of CNTs is from
the large surface area, which makes CNTs a great nanomaterial for organic and inorganic
remediation. More studies are needed to investigate the effect of CNTs on the environment.

Soil and groundwater remediation using metal and MNPs is a promising technology
due to the unique separation mechanism. Full-scale application of nanoremediation needs
further evaluation, particularly in terms of efficiency and potential adverse environmental
impacts. Combining nanoremediation with other remediation technology appears to be the
future of soil remediation as the combination process increases the sustainable remediation
practice towards green environmental protection practice.

8. Recommendation and Future Prospective

This review provides readers with a general overview of using nanoremediation for
environmental cleanups, particularly soil and groundwater remediation. More work is
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needed to developing smarter nanomaterials for soil remediation. For instance, more
advanced development could produce NPs with a high ability to work with several
functions, such as interacting with hydrophilic and hydrophobic materials or catalyzing
many pollutant reactions on the same particle. In addition, further research is needed to
design and synthesize NPs that can remediate a wide range of contaminants; and enhance
the injecting systems.

Most existing research on nanoremediation is confined to laboratory studies and
modeling. Transferring these studies to in situ conditions is a challenge. Thus, more
investigations are required in order to develop standard protocols and doses for the
application of nanomaterials at the field level. Moreover, efforts should also focus on the
application of nanoremediation in the field to understand nanoparticle’s fate and transport
behavior in soil, water, and sediments and how they affect the environmental variables.

Nanoremediation has been developed and evaluated over the last 20 years. There
is, however, concern about its effects on both humans and the environment. With the
rapid advancement of nanoremediation techniques, proper evaluation needs to be done to
prevent or mitigate any potential environmental or ecological hazards.

In addition, the need for a more thorough understanding of the contaminants’ removal
processes and the nanomaterials behavior in nature has led to experimentation where no
contaminant is present. Many researchers have examined the impacts of nanoremediation
on the soil and groundwater bacteria, yet a clear insight into the interaction between
nanoremediation materials such as nZVI and microbial activity is still unclear.
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Abstract: This review presents the extractions, characterisations, applications and economic analyses
of natural coagulant in separating pollutants and microalgae from water medium, known as microalgae
harvesting. The promising future of microalgae as a next-generation energy source is reviewed
and the significant drawbacks of conventional microalgae harvesting using alum are evaluated.
The performances of natural coagulant in microalgae harvesting are studied and proven to exceed the
alum. In addition, the details of each processing stage in the extraction of natural coagulant (plant,
microbial and animal) are comprehensively discussed with justifications. This information could
contribute to future exploration of novel natural coagulants by providing description of optimised
extraction steps for a number of natural coagulants. Besides, the characterisations of natural coagulants
have garnered a great deal of attention, and the strategies to enhance the flocculating activity based
on their characteristics are discussed. Several important characterisations have been tabulated in
this review such as physical aspects, including surface morphology and surface charges; chemical
aspects, including molecular weight, functional group and elemental properties; and thermal stability
parameters including thermogravimetry analysis and differential scanning calorimetry. Furthermore,
various applications of natural coagulant in the industries other than microalgae harvesting are
revealed. The cost analysis of natural coagulant application in mass harvesting of microalgae is
allowed to evaluate its feasibility towards commercialisation in the industrial. Last, the potentially
new natural coagulants, which are yet to be exploited and applied, are listed as the additional
information for future study.

Keywords: natural coagulant; production; characterisation; application; microalgae harvesting;
cost analysis; coagulation and flocculation
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1. Introduction

The fast-developing countries rely heavily on large-scale industrialisation to improve their global
economic competitiveness. Concurrently, the growing amount of waste produced in modern society
has become a global issue. In many contexts, developing countries have produced tons of wastes
from industrial revolution. As the world is moving towards green technology, natural coagulant,
which can be extracted from plant tissues, animals or microorganisms, has been a major point of
interest. Notably, studies from past researchers have shown the effectiveness of natural coagulant in
wastewater treatment, such as turbidity removal through neutralisation of anionic suspended particles
with cationic polymers. To provide a more focused discussion, coagulation is an important process in
surface water treatment, for example, Moringa oleifera has been used in native communities in treating
river water for drinking purpose. On the other hand, natural coagulant could take place in treating
commercial wastewater, for instance, Maerua decumbent has been used to treat paint wastewater, which
marked 99% of turbidity removal by using 1 kg·m−3 in dosage [1].

Recently, natural coagulant has also emerged as a promising solution in microalgae harvesting
as it will not create by-product, such as suspended alum residual in microalgae biomass, which is
needed to be further removed before lipid extraction. Concurrently, natural coagulant requires a
lower dosage in mass harvesting of microalgae compared to alum. Natural coagulants are usually
used as point-of-use products in less developed countries because they are fairly cost-effective as
compared with the alum and could be easily processed in the usable form [2]. Moreover, natural
coagulant gains advantages over alum in terms of reduced sludge production, produces treated water
with less extreme pH and it is in line with sustainable development. The use of natural plant-derived
materials to coagulate and flocculate microalgae biomass produced in mass cultivation system are not
a new idea, for instance, natural coagulants have been used to clear turbid water since ancient times,
even before the emergence of chemical coagulants [3]. In view of microalgae cultivation, the most
common approach is the suspended growing method as it allows the microalgae to distribute evenly
in the medium for nutrient intake. In contrast, a non-suspended mode of cultivation allows microalgae
to grow on the surface to form a biofilm. It is more commercially feasible because the harvesting
process of microalgae biomass will be easier. The typical example of non-suspended microalgae are
Scenedesmus obliquus sp. and Botryococcus braunii sp. [4].

Apparently, natural coagulant is an emerging solution to green and sustainable water
treatment. Besides microalgae harvesting, it has been utilised on various new sectors, for example,
electro-coagulation in microbial fuel cell system to precipitate heavy metals for self-power system [5]
and membrane manufacturing plant wastewater treatment [6]. Moreover, natural coagulant has also
been proven to remove 97% of copper ions in 3 h from wastewater of rotating triboelectric Nano
generator (R-TENG), to remove lead (II) ion by 88% at pH 5 from simulated wastewater using cashew
nut coagulant [7], to remove wastewater by coupling coagulation using anion exchange membranes
(AEMs) in electrodialysis [8] and last to be used in bioreactor for aerobic sewage wastewater treatment
using natural coagulant (micro-based coagulant) such as Bacillus species, Achromobacter species and
Comamonas species. [9].

There is also strong evidence that the use of biopolymer and plant-based materials has
been increasing and penetrating into various fields, for example, the technology of reusing
cysteine-containing protein materials from keratinous waste to produce tough keratin fibre [10],
fabrication of sustainable membrane using bamboo fibre to enhance cross-flow filtration
performance [11] and perforated lotus leaf to treat oil spillage [12]. Besides, biopolymer is also
widespread in other fields such as utilisation of natural fatty acids for drug releases in the medical
field [13], biophenol coatings on nanofiltration membranes to improve its performance on the separation
of organic media [14] and glucose-based biopolymer to modify the interlayer of the solar cell, which
enables 95% of enhancement in power conversion efficiency [15].

Prior to the application, the extraction of natural coagulant from plant, animal or microbes
are needed. However, the current extraction method poses a significant drawback, which is time

210



Water 2020, 12, 1388

consuming as it involves several stages of pretreatment. The preparation stages associated with each
type of natural coagulant (plant, microbial and animal) are varied as well. In addition, each plant,
animal or microbial coagulant has different optimum extraction methods. Sometimes, water extraction
of natural coagulants commonly used by native communities could be further incorporated with
currently employed techniques such as salt and acid extractions to maximise the extraction efficiency.

Furthermore, the previous papers are mainly focused on the performance of natural coagulant
in coagulation and flocculation, for instance, the optimum operating condition of 21 types of plant
based coagulants and their barrier to commercialisation [16]; the optimum operating conditions of
Dolichas lablab, Azadirachta indica, Moringa oleifera, Hibiscus rosa sinensis [17]; and the modification of
functional group of natural coagulants in enhancing the flocculating activity [18]. Thus, to provide a
more comprehensive discussion, this review will include the technical aspects, such as the extraction
processes of natural coagulant with detailed explanations on its necessity, because the extraction stage
is as important as the performance stage and should not be neglected. By reviewing the extraction
processes step by step, further studies on discovering the new natural coagulant will be easier
because the relevant extraction processes could be referred here based on their nature of characteristic.
To illustrate, the study of extraction method of new coagulant, Aloe Veragel, could be referred to Aloe
Vera as they are from the same genus. Besides, the recent trend of research is mainly on plant-based
coagulant; thus, in this review, further explorations on animal- and microbe-based coagulants are
carried out and their optimum operating conditions are technical discussed. Characterisation of
natural coagulant is explored as well in accordance with Ang [18], covering additional information
such as surface morphology, molecular weight, zeta potential, TGA and others. The promising future
of microalgae as next generation of energy is presented with the application of natural coagulant in
microalgae harvesting, followed by its advantages and disadvantages with respect to alum. In summary,
natural coagulants derived from plants, microorganism and animals are reviewed for their extractions,
characterisations and applications in microalgae harvesting. Cost analysis of natural coagulant for large
scale application in industrial is carried out to provide an appropriate platform for future researchers
to intensify on microalgae harvesting by using these natural materials.

2. The Promising Future of Microalgae

2.1. Microalgae as Next Generation of Biofuel

Renewable energy plays a vital role in energy resources, and access to green and cheap energy
has become a trend in modern society. Biofuel is a type of renewable energy in a form of liquid
and gaseous fuels produced from biomass, namely bio-ethanol, bio-methanol, bio-oil, bio-diesel and
bio-gas. Generally, there are four types of biofuel generation and their characterisations are based on
the nature of the feedstock. The first generation of biofuel is extracted from food crops, for example,
from sugarcane through chemical process such as fermentation. However, a series of problems
regarding to fuel vs. food dilemma have been attributed to the production of the second-generation of
biofuel, in which its extraction is from non-food crops. Likewise, the second generation of biofuel does
experience unexpected demise as the first generation of biofuel. Arnold et al. [19] noted the innovation
of second-generation biofuel was relatively constant in the mid-1990s and followed by decline in the
following years. The long-term development of the second generation of biofuels is a step in the right
direction; however, it has several drawbacks such as cost effectiveness and technological barriers in
dealing with biomass [20,21]. To address these concerns, the third generation of biofuel, which is
derived from microbes, has been introduced.

Microalgae is touted to be a sustainable energy source of the third generation of biofuel. The Solar
Energy Research Institute, USA, has proposed microalgae as an intermediate tool for biofuel production
since the 1940s [22]. In comparison with other energy crops, microalgae biofuel has the advantage of
quick growth, high lipid, carbohydrate content and excellent biomass yield with the lowest capacity
of land used [23]. Previous studies have established that microalgae can be the replacement of fossil
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fuel due to its high amount of intracellular accumulated oils [20]. Additionally, the cultivation of
microalgae using waste is the essence of the research vanguard. In view of sustainability, cultivation of
microalgae using waste such as Palm Oil Mill Effluent (POME) is an added point to the environment.

Besides, the strong requirement for clean energy production and conversion technology
development at a global scale led to mass researches on microalgae as a feedstock to generate
biofuel. Developed nations, for instance, the USA, Australia and Mexico have focused their researches
towards the efficient cultivation of microalgae and simultaneous wastewater treatment in the past
few years [24]. To further enhance biofuel production, the fourth generation of biofuel, which uses
genetically modified microalgae in production, has attracted enormous attention. The improvement
in metabolic activity, photosynthesis efficiency, light penetration and reduction of photo-inhibition
of genetically modified microalgae lead to enhancement of fourth generation of biofuels in term of
quality and quantity [25].

Further, comparative studies evinced that microalgae also help in absorbing carbon from
the industrial gases and utilisation of nitrogen and phosphorus from industrial and municipal
wastewater [23,26]. At present, microalgae are competitive and are becoming a trend of future
energy resources.

2.2. Bioprocess Approach of Microalgae Biofuel

The bioprocess approaches of microalgae biofuel are divided into four phases: (1) microalgae
cultivation, (2) harvesting, (3) cell disruption and extraction and (4) fatty acid profiling [27]. In the
cultivation stage, the selection of a cultivation medium is relatively important. Cultivation medium is a
source of energy, nutrients or growth factors that design to grow certain targeted species. The favourable
medium for microalgae growth consists of nutrients such as nitrogen and phosphorus, moderate pH,
feasible to light penetration and allow CO2 circulation. Therefore, several wastewaters, such as POME,
rubber mill effluent and landfill leachate, have been studied to be used as cultivation medium, with
the condition that nitrogen and phosphorus are present in the composition [20,23,24]. Alternatively,
there are many standard solutions available in the market, prepared for the cultivation of microalgae,
called standard cultivation medium. Bold’s Basal Medium (BBM) is one of the mediums consisting of
(1) 10 mL per litre of culture medium with the following chemicals, sodium nitrate (25 g·L−1), calcium
chloride dihydrate (2.5 g·L−1), magnesium sulfate heptahydrate (7.5 g·L−1), dipotassium phosphate
(7.5 g·L−1), monopotassium phosphate (17.5 g·L−1) and sodium chloride (2.5 g·L−1) [20]. Noteworthy,
the starvation phase in the pre-harvesting cultural stage is also proven to trigger the accumulation of
lipids after the stage where microalgae growth is maximised [28].

Subsequently, the harvesting of microalgae is the main focus of this review. Indeed, alum is
mainly used as a coagulant in microalgae harvesting industrial and the usage of natural coagulant is
limited to academic research. However, an obvious drawback has arisen in conventional microalgae
harvesting as the alum will result in extreme pH of the treated end product, especially in mass
harvesting of microalgae biomass with the addition of a huge amount of alum. Some of the reflections
are gathered and stated that using alum with coagulants is ineffective in low temperature, and has
high procurement costs and detrimental effects on human health [29]. It has, somewhat, been noted
that the mass harvesting process faces drawbacks such as the reduction in lipid due to the addition
of alum [30]. Further, alum might be the cause of Alzheimer’s disease, which deposition of alum in
body has significantly impact to our health [2]. In some aspects, such as the harvesting of EPA/DHA
enriched microalgae oil using alum might result in a high aluminium level in microalgae oil. Thus,
an alternative solution is sought, and natural coagulants are deemed and anticipated to overcome this
problem. Subsequently, optimum microalgae recovery could be carried out for mass production.

Compared to alum, the usage of natural coagulant in the harvesting process is promising due to
its non-toxic nature and that it is safe for consumption [31]. Therefore, progressive research on natural
coagulant in microalgae harvesting should be done, especially for EPA/DHA dietary microalgae oil.
To date, the disadvantages of natural coagulant are mainly due to its feasibility in terms of production
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time, commercialisation in industrial and quality control. Figure 1 shows the disadvantages of utilising
natural coagulant in microalgae harvesting.

 

Figure 1. Disadvantages of utilising natural coagulant in microalgae harvesting.

In sum, the extraction process of natural coagulant from plant, animal and microbes is complicated
and time-consuming. Different optimum extraction methods for each type of natural coagulant further
disrupt the commercialisation of natural coagulant in the industrial.

Up to now, studies have shown progressive optimisation in the extraction process of natural
coagulant. Significantly, the extraction process could be enhanced and modified based on domain
knowledge. In this review, justifications on the necessity of each sub-steps to be carried out in
the extraction process of natural coagulant (plant, animal and microbial) are discussed. Notably,
this information will help in understanding of the concept of extraction and also provide references for
the extraction of new natural coagulant in the future.

Furthermore, it is also technically proven that flocculating activity could be increased by modifying
the characteristic of natural coagulant. Thus, this could be applied to all types of natural coagulant to
offset the disadvantages as mentioned. To address this, strategies to enhance the flocculating activity
of natural coagulant based on their physical, chemical and thermal characteristic have been espoused
in Section 4.

3. Extraction of Natural Coagulants

3.1. Plant Based Polymers

Over the past few years, researches have been conducted on various types of natural coagulants
derived from plant wastes and fruit pieces, for instance, Nirmali seeds, Moringa oleifera, Surjana
seed, Arabic gum, maize seed, tannin, Cactaceae, etc. had demonstrated significant coagulant
capacities [32,33]. Among all, the plant-based coagulant recently received the greatest level of attention
is the seed of Moringa oleifera native to Sudan [2]. Research by Vijayaraghawan et al. [34] shows that
the water extracted M. oleifera seed has a comparative result with aluminium salt (alum). Moreover,
there are standardised and well organised extraction steps in extracting the plant-based coagulant [35].
The general processing steps of the extraction of plant-based coagulants can be categorised into three
major stages: primary, secondary and tertiary (Figure 2). Further, there is green extraction technology,
for instance, utilisation of salt solvent will increase the extraction efficiency and flocculating activity
of peanut seed coagulant as compared to water extraction, which has an improvement of 61% in
turbidity removal [36]. Ultimately, it will reduce the cost of extraction and energy used along the
harvesting process.
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Figure 2. General processing steps in plant based coagulant extraction.

3.1.1. Primary Processing

The primary processing stage involves choosing of usable parts of the plant. The important factor
to be considered in the choice of usable part is associated with their respective coagulating properties.
In the case of cacti, the usable part is the vascular tissue of the plant, and therefore the skin and spines
are eliminated. However, the usable part of aloe species is different, which are the mature leaves and the
perimeter spines. At this stage, there must be no sign of contamination, parasites, presence of external
insects and organisms on the surface of plants [35]. Furthermore, the selected usable part must be
washed with plenty of water to eliminate impurities such as sand stones or grain wastes and to prevent
the presence of fungi and yeasts due to bulk handling, fractionation and packaging [35]. In regard
to this, the authors of [37] have introduced formaldehyde or known as acid–alkaline wash of plant,
which significantly enhanced the pretreatment phase of natural coagulant extraction. The acid helps in
removing the minerals on the surface while the alkali acts as neutralising agent to acid. These solvents
had been proven to remove organic materials and in the same way, it is traditionally used in the
ion-exchanged technology. Therefore, by utilising acid– alkaline wash, it can be assumed that certain
degree of organic materials on the surface of plant had been removed prior to the secondary processing
and this ultimately reduces the leaching of organic matters inside the usable part. The presence of
organic matter will has negative impact on drinking water treatment such as causing colour, odour
and taste problem. In the drying stage, the materials are ubiquitously carried out at oven or outdoor to
evaporate the water content and reduce moisture level. The presence of water will affect the extraction,
while dried plants will reduce the possibility of further enzymatic or metabolic alteration of plant.
It is important to be carried out in warm tropical climate with temperature ranges between 20 ◦C and
35 ◦C, low humidity between 50% and 70% on average and most importantly, it is highly advised not
to dampen by rain or other water sources [35]. Afterwards, the crushing, mechanical grinding and
powdering of the dried extract could be carried out with machine followed by passing through a mill
to pulverise the material [35]. Ultimately, it is sieved to obtain a very fine powder and stored in airtight
containers to avoid hydration prior to the subsequent use in secondary processing of coagulants [35].

3.1.2. Secondary Processing

In the secondary processing stage, the active coagulating agents of each plant could be extracted via
different solvents (organic, water or salt solutions). This comes as a surprise at first glance as each type
of plant has a unique chemical structure and electrostatic properties providing novelty. Additionally,
different solvents could be used in sequence at the secondary processing stage, for example, solvent
extraction of valuable and edible oil from M. oleifera (MO) seed [38] followed by water extraction of
active component for coagulants from M. oleifera (MO) seed waste. In the African countries, MO seed
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residue as a by-product of oil extraction is used to extract natural coagulant for water treatment [2].
Indeed, the oil content in MO seed is not attributed to flocculating activity and the oil content will
actually affect the performance of natural coagulant especially in heavy metal removal activities [39].
The oil will reduce the efficiency of coagulation by making re-stabilisation of destabilised particles and
ultimately reduce the binding sites for coagulation. Therefore, the oil content in each plant should
be processed through a pre-secondary treatment [39]. In many cases, the extraction using water is
evidently the most accepted option due to its abundance and cost-effectiveness provided that the
plant’s active component is water-soluble protein [33].

The application of salt solution extraction is rather recent and more effective compared to the
water extraction method. It is found that the coagulation capacity of the MO using salt solution
extraction is 7.4 times higher than the water-based extraction in the study of the removal of suspended
kaolinite [40]. To illustrate, the delipidation is involved in the salt extraction process and this will lead
to least possible of lipid content in the extracted MO active component. Ultimately, the decrease in
lipid will result in the increase in coagulation capacity [40]. The previous study by Ndabigengesere,
Narasiah and Talbot [34] was first proposed that one of the disadvantages of water-based extraction of
MO was the increase in dissolved organic carbon (DOC) residual of the treated water. The DOC is
usually due to the presence of organic materials and a precursor of disinfection by-products in drinking
water treatment. The presence of DOC could result in an increase in chemical oxygen demand (COD).
The increase, however, does not affect the salt solution extraction due to the salting-in mechanism
where increasing of ionic strength of a solution will increase the solubility of the solute.

Nonetheless, significant setback emerges because the prepared powder (biopolymer) contains
not just the coagulating active agents, but also plant tissues. The latter is rich in plant tissue, thereby
increasing the organic loading in the treated water, which may exacerbate the situation further rather
than improving the efficiency of treatment after coagulation and flocculation [38]. This problem can be
addressed by processing the powder through tertiary (purification) stages.

3.1.3. Tertiary Processing

The tertiary processing is rarely performed and is limited to academic research [34,38] as this
increases the overall processing cost. After the secondary processing stage, the active coagulating agents
appear as supernatants in the solution. Preliminary studies suggested that dialysis, lyophilisation
and ion-exchange were feasible purification methods in tertiary processing stage. A recent review
of literature on this topic found that the oldest and simplest coagulant recovery technologies are
solid–liquid filtration and settlement to remove just gross solids from the extracted coagulant [41].
All of these are still applied in industrial applications; however, modern technologies do discriminate
natural coagulants from contaminants by molecular size and charge. These principles have been
applied using membranes and adsorbents. Certainly, there are several studies on tertiary recovery of
coagulant using ultrafiltration (UF) at the bench as well as pilot scale [42,43]. In these studies of tertiary
recovery, the rationale was to select ultrafiltration pore sizes that allowing trivalent metal to penetrate
while retaining natural organic material. Further, membranes with a molecular weight cut-offs of
10 kDa allowed aluminium permeation to exceed 90% and total organic carbon rejections of 50–66% [44].
Although it is not extensively reported in past researches, the main drawback of ultrafiltration was the
fouling and quality issues. In other words, the molecular weight, functionality and nature of organic
compounds are varied widely and depended heavily on environmental conditions and heavy metals do
have similar cationic and molecular weight characteristics as natural coagulants. Due to the overlap in
molecular weights of natural coagulants and organic contaminants, researches proposed the coagulant
separation technologies using molecular charge as the principal means to differentiate the cationic
coagulant from anionic or neutral contaminants. The tertiary recovery process of ionic exchange has
been in the form of ion-exchange media such as liquids, resins, and dialysis membranes [41]. Besides,
it is recognised, for example, M. oleifera is highly biodegradable natural coagulant with a very limited
shelf life. Lyophilisation, often known as freeze-drying, is a technique used to retain biological material
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by freezing the extraction mixture, extract the supernatant (natural coagulant), then drying at quite
low temperatures through a vacuum. The relevant study also showed that the freeze-dried M. oleifera
retained its high coagulation efficiency for up to 11 months regardless of storage temperatures and
packaging methods [45,46].

3.2. Microbial Based Polymers

Apart from plant-based coagulants, there are coagulants produced by bacteria and fungi.
Particularly, different microorganisms could yield different flocculating coagulant from their respective
bacteria strain, i.e., proteoglycan coagulants (98% polysaccharide and 1.6% protein) is yielded from
Bacillus mojavensis strain 32A with an interesting flocculating activity of 96% recorded at pH 10 [47].
Various factors have to be considered in the selection of bacteria. The predominant step in the
preparation of microbial-based coagulant starts with the preliminary screening of bacterium strain
based on its mucoid and ropy colony morphology characteristics. It is then followed by the biochemical
identification of the strain based on 29 biochemical and enzymatic reaction tests (BBL Crystal
Gram-Positive ID System). After the identification of the microbial-based coagulants from bacteria
strain, batch cultures are prepared to cultivate bacteria and produce natural coagulant at room
temperature. Subsequently, the flocculating activity of each natural coagulant is determined via
kaolin assays [47]. It had been observed that variation in cultivation medium of bacteria would
affect the growth of microorganisms and its ability in producing the expected exopolysaccharides or
natural coagulant [48]. Researches had been performed to identify the bacterium strain that aid in
flocculating activity and shown in Table 1. General preparation processes of microbial-based coagulant
are summarised as below.

1. Preliminary identification of the natural coagulants-producing bacterium strain based on its
mucoid and ropy colony morphology characteristics.

2. Screening of bacteria and fungi to find microbial-based coagulants from bacterium strain.
3. Determining the flocculating activity of microbial-based coagulants (natural coagulants) yielded

from each bacterium strain by kaolin clay suspension.
4. Optimising the culture conditions of bacteria to produce a higher amount of natural coagulant.

Table 1. Microbial strains and their respective flocculating activities.

Bacterial Strain
Flocculating Activity in
Removal of Kaolin (%)

Reference

Bacillus agaradhaerens C9 81 [49]
Bacillus sp. XF-56 94 [49]
Arthrobacter sp. B4 99 [50]

Bacillus licheniformis X14 98 [47,51]
Bacillus velezensis 40B >98 [52]

Chryseobacterium daeguense W6 97 [48]
Klebsiella sp. ZZ-3 95 [53]

Streptomyces sp. MBRC-91 96 [54]
Aspergillus flavus (source NI 3) >90 [55]

Penicillum strain HHE-P7 96 [47,56]
Aspergillus flavus (source NI) 97 [55]

Rhizopus sp. M9 & Rhizopus sp. M17 90 [57]
Talaromyces sp. 93 [58]

There are several screening methods that could be applied on testing of a bacterium strain.
A colorimetric method is an approach to determine the concentration of chemical compounds with the
aid of colour. Further, optimisation of cultivation medium of bacteria and fungi could be conducted
using statistical analyses, which discovers the pattern and trend of bacteria growth with equation.
Experimental design of various microbes is carried out by cultivating them in different sources of
nutrients to produce natural coagulants with different characteristics. These data are collected and
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useful for interpretation by a statistical linear regression method to find the relationship between each
factor and ultimately lead to production of higher amount of natural coagulant.

Besides, the essential nutrients for microbial growth are mainly carbon and nitrogen elements.
At the same time, wastewater and sludge are abundant with carbon, nitrogen, phosphorus and
micronutrients, which could sustain the microbial growth for natural coagulants production. In this
context, studies also showed that agro-industrial wastes, such as sugarcane, starch molasses, corn-steep
liquor, soybean juice, etc., which are mainly composed of polysaccharides, could be used for microbial
growth for natural coagulants production. To sum up, the optimisation in cultivation medium of each
type of bacteria is different and should be studied accordingly through experimental works.

3.3. Animal Based Polymers

The animal-based coagulant is derived mainly from chitin, which is a natural polymer from
two marine crustaceans, namely, shrimp and crabs. Chitin, the most common polysaccharide
after cellulose, is a non-elastic and nitrogenous natural polymer structured as a linear chain by
the 2-acetoamido-2-deoxy-β-D-glucopyranose monomers [59]. Chitosan-based materials are the
potentially eco-friendly coagulants and flocculants in harvesting process because of their natural
biological characteristics and biodegradability. Generally, the mechanism involved in the harvesting
process of chitosan is bridging. Chitosan is commonly used in laboratory for microalgae harvesting,
for example, to harvest Chlorella sp. from its cultivation medium [60]. Furthermore, its advantages
of recyclability and as an excellent chelating agent for arsenic, molybdenum, cadmium, chromium,
lead and cobalt ions make it an excellent choice for industrial wastewater treatment [60]. Table 2
shows the flocculation abilities of chitosan at its optimum operating conditions in removing various
pollutants or separating microalgae.

Table 2. Flocculation abilities of chitosan at its best conditions to separate various pollutants from the
aqueous medium.

Chitosan Operating Condition Flocculation Ability Reference

Chitosan 214 mg·L−1, pH 8 and 131 rpm
92% removal of
Chlorella vulgaris [61]

Chitosan
(Plaemon serratus)

15 mg·L−1 at 67 nephelometric turbidity units
(NTU) raw water, flocculation time of 20 min

89% removal of sewage
wastewater [62]

Chitosan (shrimp) 4 mg·L−1, pH 6 and flocculation time of 10 min
95% removal of Thalassiosira

pseudonana microalgae [63]

Chitosan 30 mg·L−1, pH 7, flocculation time of 20 min
98% removal of
Chlorella vulgaris [64]

Chitosan 4 mg·L−1, pH 4 and flocculation time of 10 min
90% removal of Thalassiosira

pseudonana microalgae [63]

Chitosan 20 mg·L−1, pH 9.9, flocculation time of 10 min
90% removal of Thalassiosira

pseudonana microalgae [63]

Xanthated chitosan 50 mg·L−1, pH 6.0, slow stirring for 10 min and
settling for 10 min >97% removal of Cu2+ [65]

However, chitosan is insoluble in either water or solvent. Thus, diluted acids such as acetic
acid and hydrochloric acid are used. When acid is added, the free amino groups are protonated and
the biopolymer becomes fully soluble [66]. Most of the preparation techniques of chitosan rely on
chemical processes for extracting the protein and removing of inorganic matter. The processes involved
extraction by solvent, followed by oxidation of remaining residues [67]. Overall, the extraction of
chitosan from raw material includes the following stages; (1) grinding of raw materials (processing),
(2) translating the mineral components of raw material into the soluble form (demineralisation),
(3) removing the protein fractions (deproteinisation) and (4) deacetylating of chitin in obtaining the
chitosan (Figure 3).
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Figure 3. Flow of conventional preparation of chitosan.

The first step in the extraction of chitosan is the processing of raw materials, e.g., crab shell is
removed from crab, washed, dried, grinded and filtered before it can proceed to demineralisation.
During the demineralisation process, both metal ions and salt anions are removed via ion exchange.
In this process, strong acid cation in the form of H+ converts the dissolved salts into their conjugate
acids. Demineralisation involves three sub-steps: (1) reaction of shell powder with hydrochloric
acid to release carbon dioxide bubbles, followed by (2) washing using distilled water and (3) oven
drying [59]. In addition to the removal of hardness in demineralisation stage, this process removes all
dissolved solids such as sodium, silica, alkalinity and the mineral anions. Deproteinisation is carried
out right after the demineralisation. By definition, deproteinisation is a process of removing protein and
various enzymes in the sample prior to extraction of chitosan. As a cleaning agent, sodium hydroxide
saponifies fats and dissolves proteins. Moreover, its hydrolysing power can be further enhanced with
the presence of chlorine [68]. The change in colour of sodium hydroxide to clear indicates an index of
full deproteinisation [59]. Prior to deacetylation stage, the precipitant must be drained and washed
with distilled water repeatedly until its pH is dropped to neutral. Traditionally, deproteinisation and
demineralisation steps are repeated twice to aid in higher yield of chitin from the shells. The last step
is deacetylation, which refers to the process of removing acetyl groups. In general, alkali could be used
to partially deacetylate chitin to produce a mixture of chitin and chitosan. As compared with chitin
in terms of chemical structure, chitosan only lacks in acetyl group. Thus, deacetylation is a process
of removing acetyl group. Deacetylation started by dissolving the demineralised and deproteinised
product (chitin) in high concentration of sodium hydroxide. Heating can be introduced to increase
the degree of deacetylation to produce the final product of chitosan. The product can be tested with
acetic acid, in which the solubility of the resulting product in acetic acid will indicate a high degree of
deacetylation [59].

4. Strategy to Enhance Performance of Natural Coagulants in Microalgae Harvesting

After the extraction processes, the final end product is the natural coagulant (plant, animal or
microbes). Prior to application in coagulation and flocculation, the characterisation of natural coagulant
is vital. Modification of the characteristic of natural coagulant could help in improving its performance
in terms of flocculating activity in microalgae harvesting. Table 3 shows the physical, chemical and
thermal characteristics of various natural coagulants. Additionally, the performance of various natural
coagulants in different application is tabulated in Table 3. Subsequently, the interpretation of these
characteristic in related to flocculating activity and their roles in enhancing the performance of natural
coagulant in microalgae harvesting are discussed.
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4.1. Physical Characteristics

The most important physical aspects of natural coagulant that could be studied are surface
morphology and surface charges. Surface morphology refers to the imaging of an exposed surface of
any object under the microscope, which cannot be seen by the naked eye. By analysing the surface
morphology, the active groups attributed to flocculation function can be identified, for example,
the citral. According to the Essential Oil-Bearing Grasses, the genus Cymbopogon by Akhila, the
oil in citral would help in the blood coagulation–fibrinolysis system [111]. Besides, citral is an
antimicrobial element that will protect coagulant such as chitosan from microbial damage [112].
Moreover, the presence of pores (micro-, macro- and mesopores) on natural coagulant could be clearly
identified via surface morphology analysis, and they are favourable for the attachment of suspended
particles through adsorption, intraparticle bridging or electrostatic contacts during coagulation and
flocculation. In addition, the previous study by Obiora-Okafo and Onukwuli [107] proved that a
compact net structure coagulant showed higher flocculating activity as compared with a branched
structure. Furthermore, changes to the surface morphology of coagulants after coagulation and
flocculation show proof of interaction between the coagulants and suspended particles. In view
of surface morphology as a strategy to enhance the flocculating activity, modification on physical
structures such as grafting could be done to create a high density of pores and ultimately more
favourable to coagulation. With these, the mass harvesting of microalgae in the industrial scale
is applicable.

On the other hand, surface charge, or zeta potential, is one of the factors that will affect the
flocculating activity. Theoretically, zeta potential is the measure of the electrical charge of particles
that are suspended in liquid [113]. Practically, the higher the negative surface charge of natural
coagulant, the greater it’s flocculating activity against positive suspended particles and vice versa for
the positive surface charge of natural coagulant against negatively suspended particles. Thus, the study
of surface charge shows a preliminary estimation of flocculating activity of natural coagulant. Besides,
the nature of surface charge (positive or negative) indicates the potential treated group of suspended
particles, to illustrate, a negatively charged coagulant is used to remove cation heavy metals or the
other way round. Chemically and structurally modified of natural coagulant such as quaternary agent
3-chloro-2-hydroxypropyltrimethylammonium chloride (CHPTAC) grafted on cellulose nanocrystals
(CNC) could be applied to enhance the zeta potential to extreme positive or negative [114]. Above all,
natural coagulant with positive zeta potential is favourable in microalgae harvesting due to the anionic
nature of microalgae.

Moreover, different molecules of the same compound could have different molecular masses
because they contain different isotopes with different mass number. The physical aspect of coagulants,
molecular weight, could reflect their flocculating mechanism and activity. Yin [2] noted that high
molecular weight of natural coagulant played a role in improving aggregation. The higher the
molecular weight of natural coagulant, the stronger the bridge formed onto the particle surface than
natural coagulant with a lower molecular weight. Thus, the formed flocs were stronger, larger and
denser for a larger molecular weight natural coagulant and permitted better settling, also improving
the harvesting efficiency [115]. Additionally, the high molecular weight allows natural coagulant’s
chains to stretch sufficiently far from the particle surfaces; thus, favourable for bridging to form [81].
Another study by Muylaert et al. [116] also showed that the high molecular weight polyelectrolytes
(i.e., lignosulfonate) were a better bridging agent. On the other hand, the molecular mass of natural
coagulant often reveals its undergoing mechanism in flocculation, for example, the lower molecular
weight of natural coagulants, such as polyethyleneamine are usually undergoing flocculation via the
charge patch mechanism [116]. It had also been well reported that the high molecular weight of natural
coagulant would usually predominant in bridging mechanisms. Yin [2] also suggested that the dimeric
cationic proteins with the molecular mass of 12–14 kDa and isoelectric point (pI) between 10 and 11
were predominant in adsorption and charge neutralisation mechanisms. Therefore, by studying the
molecular weights of natural coagulants in advance prior to the application, the underlying coagulation
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mechanism of natural coagulant could be defined and modification could be made based on their
respective mechanism. All in all, by knowing the molecular weight, the same compounds can be
operated as dispersants (e.g., dextrin, low molecular weight) or coagulants (e.g., starch, high molecular
weight). Generally, a dispersant is used to prevent fine particles from aggregating and normally being
utilised in a selective flocculation process, in which gangue minerals are dispersed while flocculating
valuable or desired minerals [117]. Such approach is suitable to be used in microalgae harvesting.

4.2. Chemical Characteristics

The flocculating activity of natural coagulants also depends on the specific chemical properties of
the polymer. One of the key polymer characteristics includes various functional groups. The particular
functional groups to be evaluated are COO− and OH− as their existence usually contributes to the
flocculating activity of natural coagulant. Besides, the increase in positively charged functional
groups allows more interactions with the negatively charged suspended particles, and thus improve
the binding capabilities of natural coagulants [116]. Modification on functional groups of natural
coagulants is also proposed and evinced by researchers in the past studies to increase the flocculating
activity. For example, functionalising of cationic starch and TANFLOC, in which, the starch and
tannins added with quaternary ammonium groups to increase the flocculating activity and serve
as the low-cost as well as more effective alternatives for flocculation process [116]. Additionally,
natural coagulants often perform poorly in harvesting marine microalgae [118]. The underlying
reason is the high ionic strength of seawater will cause coiling, and this will decrease the effective
size of natural coagulants. Therefore, an alternative had been proposed to modify the structure to a
more rigid molecule such as tannin-based natural coagulants or functionalised nanoparticles, namely,
nanocellulose [116]. Furthermore, in microalgae harvesting, the functional group of natural coagulants
can be furthered enhanced with magnetoresponsive Fe3O4 nanoparticle to separate the flocculated
microalgae from the medium using a magnetic field [119]. To summarise, the modification of functional
group begins with characterisation of natural coagulant, which is an important factor that influences
the effectiveness of natural coagulant in microalgae harvesting.

Elemental property of natural coagulant affects the flocculating activity. The trivalent cation is the
most efficient in flocculating the negatively charged suspended particles. However, trivalent cation is
commonly found only in inorganic coagulant such as alum. In plant-based coagulants, divalent cation
is predominant instead. Besides, numerous studies have shown that when there are more phenolic
groups available in a tannin structure, the coagulation capability could be enhanced [2]. Correspond to
this statement, it was reported that the legume-based coagulant was rich in phenolic compounds, and it
had also proven to exhibit antibacterial property [3]. These could aid in removing pathogenic bacteria
such as Salmonella parathyphi that is presented in wastewater due to the leaching of sewage effluents.
Thus, phenolic groups provide the –OH group not only for bridging, but to indirectly inactivate
the pathogenic bacteria in the wastewater [3]. Therefore, the phenolic group deserves attention in
wastewater treatment as well as microalgae harvesting, especially in extraction of DHA microalgae oil.
Moreover, there is also one characteristic that has been ubiquitously used as a preselection criterion for
new plant-based coagulants, namely, mucilage. Mucilage is a thick, gluey and adhesive substance
produced by nearly all plants and some microorganisms. Evidently, the high bridging–coagulation
capability of Opuntia with the presence of mucilage will promote the bounding action of particulates
to mucilage without directly contact of particulate and has been widely used in water treatment in
North America [2,120]. Besides, the recent study on biopolymer coagulant showed that 73% (from
320.0 to 88.0 mg·L−1) of Fe3+ reduction and ~36% of COD removal with an addition of 3.20 mg·L−1 of
okra mucilage during the harvesting process [120]. The presence of galacturonic acid in mucilage will
act as an active coagulating agent and provide a bridge for particles adsorption. Further, the partial
deprotonation of carboxylic functional group of mucilage in aqueous solution has given rise to the
chemisorption between charged particle with COO− and OH− [2]. Therefore, it will aid in flocculating
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activity. To conclude, the selection of natural coagulant for microalgae harvesting should be focused
on mucilage as its primary concern.

4.3. Thermal Characteristics

The thermal stability of natural coagulants is also a crucial parameter to be studied in enhancing
the flocculating activity. Indeed, an optimum temperature will increase the flocculating activity.
However, the temperature higher than 80 ◦C will usually destroy the chemical composition of natural
coagulants [121]. Moreover, the temperature has direct effects on floc formation, breakage and
reformation. To illustrate, floc formation is slower at a lower temperature, whereas breakage of
floc is greater at higher temperatures. On the other hand, thermogravimetry analysis determines
the minimum temperature causing decomposition of organic components in natural coagulant and
differential scanning calorimetry allows study relating to the heat flow required to decompose the
natural coagulant. In general, the thermal characteristics reveal the thermal stability of natural
coagulant and it has no direct impact on microalgae harvesting because coagulation will not occur in
extreme temperature.

5. Application of Natural Coagulant in Microalgae Harvesting

In the previous section, the extraction and characteristic of natural coagulant, as well as the
strategies to enhance its flocculating activity, are reviewed. In this section, the application of natural
coagulant in microalgae harvesting will be the focal point. To recall, alum always appears to be the first
option in industrial applications when comes to the selection of coagulant for microalgae harvesting.
The reason being, it is widely available, it promotes coagulation by neutralisation and most importantly
it is ready to be dissolved with water.

However, the emerging usage of plant-based coagulant has achieved higher harvesting efficiency
compared with chemical coagulant and there are reviews on their effectiveness and relevant coagulating
mechanisms for the treatment of wastewater and microalgae harvesting [120,122,123]. To illustrate,
the plant-based coagulant could be applied on microalgae harvesting at relatively low cost [124].
Compared to alum, the natural coagulant is deemed to be environmentally friendly because it is
extracted from plants, animal or microbial and usually existed in non-toxic form [125]. The water
soluble active compound in natural coagulant will be removed after several cycle of kidney filtration,
leaving less possibility of producing toxicity in the body [126]. In view of sludge production after the
harvesting process, natural coagulant does not produce suspended alum residual and indeed produces
less organic residual due to its biodegradability. In contrast, alum requires chemical reaction to break
down and will not decompose naturally. In a specific type of microalgae harvesting, for instance,
extraction of DHA rich microalgae oil as a dietary supplement, natural coagulant appears to be the best
option as it harvests a higher amount of microalgae biomass compared to alum and at the same time,
it is safe for consumption. Thus, it will not pose any health concern even there is residual remained in
algae biomass. The natural coagulant is proven to achieve higher flocculating activity in comparison to
alum and their performance is shown in Tables 3 and 4. In addition, by utilising the natural coagulants,
it reduces the alum dependency and ultimately achieves sustainability in the microalgae-based biofuel
production industry as well as various fields, including wastewater treatment and medical to name a
few. Figure 4 shows the advantages of natural coagulant in microalgae harvesting.
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Figure 4. Advantages of utilising natural coagulant in microalgae harvesting.

Furthermore, natural coagulants have also been proven by other researchers as an effective
way to harvest microalgae. It was found that the usage of bio-coagulants for harvesting microalgae
could eliminate the toxicity contamination on harvested microalgae biomass [127]. The study carried
out by Tran et al. [128] to harvest Chlorella vulgaris with alkyl-grafted chiton Fe3O4–SiO2 showed
90% of biomass removal by merely employing 0.013g·L−1 dosage. On the other hand, a plant-based
coagulant, M. oleifera, showed a 76% of harvesting efficiency on Chlorella sp. biomass after 100 min
with 8 mg·L−1 dosage and 96% of harvesting efficiency in 20 min when combining M. oleifera with
chitosan [129]. Furthermore, 60% of microalgae removal efficiency was achieved with 12 mg·mL−1 of
F. indica extract after 120 min of settling time [130]. To sum up, the utilisation of natural coagulants
in microalgae harvesting is a trend of research in the past few years. Unfortunately, it was set up
and investigated merely at a laboratory scale. Table 4 shows the application of natural coagulants on
microalgae harvesting.

Table 4. Application of microalgae harvesting using natural coagulants.

Natural Coagulant Operating Condition Performance Reference

Alkyl-grafted chiton Fe3O4–SiO2 0.013 g·L−1 dosage 90% removal of Chlorella vulgaris [128]

M. oleifera 8 mg·L−1 dosage 76% removal of Chlorella vulgaris [129]

M.oleifera with chitosan 8 mg·L−1 dosage 96% removal of Chlorella vulgaris [129]

F. indica 12 mg·mL−1 dosage 60% removal of microalgae [130]

Pleurotus ostreatus strain HEI-8
pH 3, glucose content 20 g·L−1,
fungi pelletisation time 7 days,

100 rpm
65% removal of Chlorella sp. [131]

Citrobacter freundii (No. W4) and
Mucor circinelloides

pH 7, glucose concentration
1.47g·L−1 97% removal of Chlorella pyrenoidosa [132]

Tannin 11 mg·L−1 dosage, pH 5 to 7 97% removal of Chlorella vulgaris [133]

Tannin 5 mg·L−1 dosage, pH 7 80% removal of Oocystis microalgae [134]

Eucalyptus globulus 20 mg·L−1 dosage 95% removal of Scenedesmus sp. [135]

Cassia gum 80 mg·L−1 dosage 93% removal of Chlamydomonas sp. [136]

Cassia gum 35 mg·L−1 dosage 92% removal of Chlorella sp. [136]

As an additional point, statistical modelling approaches could be studied to identify the optimum
operating condition of natural coagulant. After several trials in the coagulation process, a statistical
approach such as linear regression method is feasible in extracting the optimum parameters of natural
coagulant in coagulation with collected data and equations.
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6. Cost analysis of Natural Coagulants in Microalgae Harvesting

In general, the natural coagulants can be utilised for various applications as demonstrated in
Figure 5.

 

Figure 5. Potential applications of natural coagulants.

For specific instances, natural coagulants reduce suspended solids, traps E. coli, reduces turbidity,
removes COD, adsorbs heavy metals, harvests microalgae, decolorises dye and others. With regards to
the preparation stages, the natural coagulants derived either from plant, animal or microbial feedstock
can be facilely produced as opposed to chemical-based coagulant, namely, alum [2]. Moreover, natural
coagulants are also more sustainable off late, thus research should be intensified on the exploration
of new natural coagulants to substitute the conventional alum. Nonetheless, it is postulated that an
abundance of new natural coagulants is yet to be discovered.

On another note, the main drawback of utilising natural coagulant in industries is their low
availability for large scale employment [2] as compared with alum. It had been reported by
Mubarak et al. [127] on the suitability for large-scale application of natural coagulant and it is
limited by the cost of preparation. This has directly led to the necessity of cost assessment on life
cycle and cost analysis of different natural coagulants and to compare with alum as depicted in
Table 5 [127,129].

Table 5. Comparison of cost analyses between natural coagulants and alum to harvest microalgae [127].

Coagulant

Energy Consumption
(Mega Joule per Metric

Tons, MJ/MT of
Microalgae)

Greenhouse Gas (GHG)
Emission

(kg CO2 eqv/MT of
Microalgae)

Cost Analysis
($/MT)

Chitosan 300 70 9.02
Alum 200 50 0.28

Plant-based coagulant 175 40 0.037

Although the cost analysis by Behera and Balasubramanian [129] showed that the plant-based
natural coagulant was relatively cheaper as compared with alum and chitosan in harvesting with a
basis of a unit MT of microalgae, it only covered the cost of the harvesting process. As a matter of fact,
the extraction process is generally time-extensive. A good illustration has been presented in Figure 2,
in which the various processes are involved during the extraction of natural coagulants such as the
addition of acid, the aid of equipment as well as the refining tertiary stage. Besides, the extraction
is largely confined in the laboratory scale, which may not be feasible in terms of process scalability
for industrial applications. An evaluation and approval from the local governing bodies are also part
of concerns to commercialise the natural coagulants in the industry. Moreover, the overall costing
must take into account of the stringent screenings and documentations that are needed to ensure
product compliance to the respective standards [16]. Though the presented costing values in Table 5
are exclusively limited to only the harvesting process, the commercialisation and regulatory authorities

230



Water 2020, 12, 1388

are new inputs and cost-effective extraction techniques are vital to scale up the application of natural
coagulants in the future. Further, researchers should pay close attention to the costing of natural
coagulants from the primary stage, which involves the plant, animal and microbe selection to the final
end product, i.e., plant-based, animal-based and microbe-based coagulant. Exploration in further
research should be focused on economical extraction technology of natural coagulant to replace the
alum in the near future.

7. Potentially New Natural Coagulant Yet to Be Exploited and Applied

To summarise, our study provides an additional list of potential new natural coagulant to be
studied in the future. To recall, mucilage is a criterion of selection for new natural coagulant and it
attributed to COO− and OH− functional groups, which are mainly associated with the flocculating
activity. Besides, it has been espoused in Section 4.2 that galacturonic acid in mucilage is the active
component that aids the coagulation–flocculation. Therefore, the most reliable method to predetermine
the potentially new natural coagulant is to study the chemical composition, galacturonic acid, in each
natural coagulant. A previous study [137] noted that pectic acid (polygalacturonic acid) extracted from
sugar beet pectin comprises approximately 68 percent of the galacturonic acid. Moreover, pectic acid
from flax pectin was found out to be made up of 61 percent of galacturonic acid, and the pectic acid
from orange peelings was composed of 73.7 percent of galacturonic acid [137]. To sum up, natural
coagulant often been extracted from materials with galacturonic acid as its chemical composition.
Thus, the chemical components, galacturonic acid in mucilage is a point of interest in the selection of
potentially new natural coagulant. Table 6 shows the potentially new natural coagulant.

Table 6. Potentially new natural coagulant.

Possible Natural Coagulant Scientific Name Reference

Cowpea Vigna unguiculata [138]
Chia seeds Salvia hispanica L. [139]
Rockcress Arabidopsis thaliana [140]

Quince seed Cydonia oblonga [141]
Jujube Ziziphus mauritiana Lam [142]

Seashore mallow Kosteletzkya virginica [143]
Watershield Brasenia schreberi [144]

Beet root Alyssum homolocarpum [145]
Levant wormseed Artemisia sphaerocephala [146]

Fenugreek seed Trigonella foenum-graecum L. [147]
Cress seed Lepidium sativum [148]

8. Conclusions

The usage of natural coagulants derived from plant, animal and microbial sources in industry is a
trend of sustainable environmental development in the 21st century. Particularly, natural coagulant
should be given priority in microalgae harvesting as it is highly effectual in flocculating activity and
will not leave a negative impact to the end product due to its biodegradability.

On the other hand, the extraction processes differ for each type of natural coagulant.
A comprehensive review is conducted to explain and justify the necessity to carry out each sub-step
in the extraction process of natural coagulant. This information is useful in the exploration of new
natural coagulant in the future.

Furthermore, the characterisation of natural coagulants is vital in enhancing their flocculating
activity. The modification such as grafting could be used to increase or decrease the zeta potential and
to provide more functional groups for attachment, which fundamentally enhancing the flocculating
activity of natural coagulant. Moreover, molecular weight determines the coagulation mechanism of
natural coagulant, for example, high molecular weight of natural coagulant (when they are more than
1 × 106 kDa) would usually predominant in bridging mechanisms. The functional group of natural
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coagulant identifies the effective groups, which help in the coagulation–flocculation process, typically
O-H and C-H groups.

The applications of natural coagulant in the industry are summarized in this review, for instance,
wastewater and drinking water treatment, heavy metal and dye removal and pretreatment for
membrane filtration and microalgae harvesting. In view of the current studies, there is no doubt that
the application of natural coagulant in microalgae harvesting will play a significant role in upscaling
for mass production. To illustrate this, chitosan requires only 0.013 g·g−1 algae dosage to remove 90%
of C. vulgaris as compared to 0.101 g·g−1 of polyaluminium chloride to remove 93% of algae [128] or
30 mg·L−1 of alum (aluminium sulphate) to remove 95% of C. vulgaris [149]. Importantly, using chitosan
as coagulant does not inhibit the downstream process of transesterification biodiesel production on
both the enzyme and chemical catalysed while other coagulants do [128]. Furthermore, tannin requires
11 mg·L−1 dosage to remove 97% of C. vulgaris [133], and M. oleifera with chitosan requires 8 mg·L−1

dosage to remove 96% removal of C. vulgaris [129]. These results show that natural coagulant is
efficient in harvesting algae with a relatively lower dosage than alum. Additionally, natural coagulant
deserves an attention on the harvesting of microalgae that produced DHA oil due to its non-toxic and
non-chemical nature.

As noted in Section 2, the extractions of plant-based coagulants require specialised knowledge
in identifying the potential plants as a coagulant and require performing detailed extraction stages,
which are time-consuming. Common problems are also encountered in the preparation of animal-
and microbial-based coagulants. At this point, the mass production of natural coagulants is still
economically infeasible due to its complexity in bulk processing, low-volume in market demands and
lack of supportive regulation that stipulates the quality of the natural coagulant extracts [2]. In view of
this, the natural coagulant is currently restricted to small-scale usage and academic research, but it has
the potential, especially for bulk microalgae harvesting in industries. Moreover, optimisation of natural
coagulant based on their respective characteristic will further enhance its efficiency in coagulation
and the result will be significant regarding mass harvesting of microalgae. The key effort of this paper
includes the production of economical and sustainable natural–organic coagulants in the future.
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