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1. Introduction

The provision of clean water is a vital element to ensure life sustainability; this can
be achieved by designing and implementing effective prevention and control measures
to protect water resources. Designing efficient wastewater technologies is a crucial tool
to prevent potential pollution releases into water resources, whereas setting controls on
pollution can be achieved by designing efficient remediation technologies that mitigate the
spread of the contaminants of concern. Despite the huge accumulated knowledge in the
field of water quality engineering and wastewater treatment, this field is still challenged by
difficulties in addressing emerging contaminants [1], the need to improve the efficiency
for conventional technologies to meet the strengthen regulatory standard on effluent
releases [2—4], and need to advance innovative technologies for large-scale applications [5].

2. Overview on This Special Issue

This Special Issue includes this editorial and 13 papers (eight research papers and five
review papers) {C1-C13}. The focus of this Special Issue is directed towards addressing
recent advances in wastewater treatment technologies, including chemical precipitation
{C4}, flocculation {9}, biological treatment {C3,C5,C8}, sorption {C2,C7,C12}, and a combi-
nation of advanced oxidation process (AOP) with sorption {C1}. Moreover, the control of
pollution sources toward achieving better water quality is addressed in this Special Issue in
four papers that focus on the mitigation of sewage system corrosion {C6}, analyzing the
knowledge gap to mitigate the micro-plastic pollution {C10}, the use of permeable barriers
to control water pollution {C11}, and leachate treatment {C13}.

Advances in primary wastewater treatment methods, i.e., chemical precipitation and
flocculation, are addressed in two papers {C4,C9}. The first studies Hg removal from dry gas
cleaning by-products from sinter plants in the steel industry {C4}. Hg concentration values
in the leachate of the by-products were measured, and its removal efficiency by chemical
precipitation with organic or sodium sulfides followed by filtration was determined. The
study reveals the efficiency of the process in the high salt concentration conditions, and
referrers to the importance of the precipitator dosage optimization to mitigate the Hg
re-dissolution {C4}. A review paper addressed the potential role of the microbial flocculants
(MBF), as eco-friendly materials, in the treatment of wastewater {C9}. An overview of
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the state of the art of the MBF sources, categories, production, and their performance and
mechanisms is presented. MBF applications in the removal of suspended solids, dyes,
and heavy metals from municipal and industrial effluents were presented. The challenges
that face the wide applications of these materials were summarized, and the way forward,
towards the advancement of the technology’s readiness, is outlined {C9}.

Three papers present the advances in the secondary wastewater treatment, where
research on the optimization of biogas production in an anaerobic digester (AD), enhanced
biological removal of phosphorus, and optimizing the implementation of the innovative
moving bed bio-film reactor (MBBR) are included {C3,C5,C8}. In this respect, an analysis
was conducted to compare and assess the performance of 34 AD implemented in the
domestic wastewater treatment plants in Austrian alpine region {C3}. The study addressed
the reactor shapes, mixing methods, energy efficiency, and biogas production. That work
highlights that the process optimization can enhance the role of the AD technology as green
energy source by increasing the gas production and reducing the operating costs and gas
losses {C3}. In another work, a design for an enhanced biological phosphorus removal
(EBPR) process was studied, where a culture of phosphorous accumulating organisms
(PAO) were grown in a membrane-bioreactor-activated sludge system. The process was
optimized by assessing the effect of the substrate on the PAO growth {C5}. The results
indicate that increasing the dosage of the propionate substrate has linear correlation with
the PAO concentration {C5}. In the last paper in under this topic, the optimization of the
innovative MBBR technology to improve the capacity of the wastewater treatment plant in
Dojran, North Macedonia, was presented {C8}.The analytical hierarchy process (AHP) was
used to optimize the design of the plant; the analysis considered, among other factors, the
condition assessment and efficiency of the existing plant, the available space at the site, and
financial parameters. The results reveal that the optimal solution to improve the capacity
of the existing plant is the construction of a new MBBR with 6000 equivalent inhabitants
capacity {C8}.

The use in the tertiary and quaternary treatment technologies in the removal of methyl
red (MR) dye, chromium, and emerging contaminant (EC) is presented in four papers
{C1,C2,C7,C12}. The use of biochar derived from Rumex-abyssinicus for the removal of MR
was investigated {C2}. In that work, the biochar was prepared, characterized, and tested
to identify the effect of the operating conditions on the removal performance. The study
concluded on the feasibility of using this biochar for the treatment of industrial wastes
containing MR {C2}. In another study, Cr removal using pre-treated clinoptilolite was
studied, where the compliance with the discharge limits and regeneration feasibility were
investigated {C7}. The study reveals the ability of the pre-treated clinoptilolite to treat
the wastewater in compliance with relevant regulations {C7}. The third paper is a review
paper that addresses the EC and their removal from aqueous media using sorbents {C12}.
It overviewed the performance of different conventional (e.g., activated carbon, clay) and
non-conventional (e.g., industrial and agro residues) materials in EC removal. The study
highlights the promising role of agro-industrial residues in EC removal, and linked that to
their availability, low toxicity, and sorption capacities {C12}. The combined implementation
of Photo-Fenton and use of Granular Activated Carbon (GAC) was assessed for the removal
of micro-contaminants from wastewater effluents {C1}. The study encompassed the inves-
tigation of four advanced oxidation process scenarios coupled with GAC filtration. The
analysis of the toxicity and phyto-toxicity of the treated wastewater proves the efficiency of
the tested processes {C1}.

A research paper addressed the mitigation of the sewage system corrosion by con-
trolling the hydrogen sulfide (H,S) via biological oxidation {C6}. The experimental data
showed that the conductive concrete is providing electron pathway for biological oxidation
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of H,S {C6}. In another work, the knowledge gap to mitigate micro-plastic pollution was
reviewed {C10}. That work analyzed related literature to support the prioritization of
the efforts to reduce this pollution type. It concluded that the knowledge gaps include,
among others, a lack of information about non-standardized test methodologies address-
ing life-cycle impacts and real hotspots {C10}. Another review paper presented the role
of permeable concrete barriers in controlling the water pollution {C11}. It overviewed
the advances in the studying the mix-design of conventional and innovative permeable
concrete, their characterization techniques, and their performance in the pollution control.
The work recommended the optimization of the mix-design of the permeable reactive
barriers in a way that balances the performance measures and the durability of the barrier
over its service life {C11}. In the last paper in this Special Issue, techniques for municipal
solid landfill leachate remediation were reviewed {C13}. This work focused on the use of
contemporary techniques to remediate leachate of high COD content, colored, and NH;3-N
with low biodegradability. Finally, the challenges and future prospects for the semi-aerobic
landfill design were presented {C13}.

Author Contributions: Conceptualization and writing—original draft preparation, Y.-T.H. and
R.O.AR;; writing—review and editing, all authors. All authors have read and agreed to the published
version of the manuscript.
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Abstract: The challenge of microcontaminants (MCs) in wastewater effluent has been addressed
by using different technologies, including advanced oxidation processes (AOPs) and adsorption.
This work evaluates the benefits and synergies of combining these two processes. The AOPs were
photo-Fenton and UV /H;O; operated under natural pH but with different reagents dosages, lamps,
and chelating agents. Chelating agents were used at analytical (ethylenediamine-N,N-disuccinic acid
and citric acid) and technical grade (citric acid) to simulate scaling-up conditions. The adsorption
process was studied via granular activated carbon (GAC) filtration using fresh and regenerated
GAC. Four AOP scenarios were selected and coupled with GAC filtration, showing benefits for both
processes. AOP treatment time decreased from 10-15 min to 5 min, resulting in a reduction in energy
consumption of between 50 and 66%. In the photo-Fenton process, it was possible to work with low
reagent dosages (1.5 mg L1 iron and 20 mg L~ of H,O,). However, the use of UV/H,0, showed
close removal, highlighting it as a real alternative. An extension of the GAC lifetime by up to 11 times
was obtained in all the scenarios, being higher for regenerated than for fresh GAC. Furthermore, the
toxicity and phytotoxicity of the treated wastewater were evaluated, and no acute toxicity or slight
variation in the phytotoxicity was observed in the combination of these processes.

Keywords: contaminants of emerging concern; micropollutant; process combination; real wastewater;
water remediation

1. Introduction

The growing presence of microcontaminants (MCs) in surface water poses a challenge
to their mitigation, identifying the point source, and implementing technical solutions
as for the wastewater treatment plants (WWTPs) [1]. MCs are organic molecules, such
as personal care products, pharmaceuticals, pesticides, and herbicides, that are highly
recalcitrant and are only partially removed in conventional WWTPs [2]. Despite their low
concentration (ug or ng L), they can potentially affect water bodies due to their risk to
aquatic life and human health [3 4].

In response to this concern, the European Union (EU) has developed a new proposal
for a Directive of the European Parliament and of the Council concerning urban wastewater
treatment (UWWTD) [5]. The new recast of the exiting UWWTD tackles the MCs problem
for the first time, alongside more restrictive limits for nitrogen and phosphorous emissions,
including the necessity to achieve energy neutrality in WWTPs. Regarding MCs, quaternary
treatments should be installed in WWTPs treating a load of 150,000 p.e. and above to
reduce the MC emissions and preserve the quality of receiving water bodies. However,
the necessity of installing quaternary treatments in rural areas (up to 10,000 p.e.) is also
proposed in urban WWTPs that represent a risk to human health or the environment. The
required removal was defined as a minimum of 80% of 12 MCs, which were selected as
the most representative, that should be measured in the dry season when a higher MC
concentration is expected. The new proposal defines WWTPs as relevant actors in the
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European Green Deal; consequently, it marks the necessity of achieving energy neutrality
by 2045. Therefore, quaternary treatment should not increase the consumption of energy
significantly.

Previously to the recast of the existing UWWTD, several countries, such as Luxem-
bourg and Switzerland, adopted precautionary measures and regulated the removal of
MCs from wastewater [6,7]. Luxembourg proposed the 80% removal of four mandatory
MCs—diclofenac, carbamazepine, clarithromycin, and benzotriazole—from the inlet to the
outlet of WWTPs, selected due to their relevance for local water bodies. This choice antici-
pated the EU strategy, as the four MCs are included in the 12 selected MCs from the new
directive. The Luxembourgish regulation is expected to be adapted to new EU requirements
in the coming years.

Several technologies have been studied as candidates for quaternary treatment for
the removal of MCs. Despite efficient removal, they showed significant drawbacks, such
as the generation of toxic by-products, the production of high-concentration brines, high
space requirements [8,9], etc. In order to address this issue in a real scenario, some works
have recognised the coupling of technologies of different natures as a suitable solution [10].

Advanced oxidation processes (AOPs) are very interesting technologies, as they miner-
alise the MCs instead of separating them from one phase to another or concentrating them
as the membranes do. They are based on the production of hydroxyl radicals (*OH) [11],
which react non-selectively with the pollutants and are very powerful for MC degrada-
tion. AQOPs are highly efficient in producing *OH and do not generate bromates and
carbonyl-related side products, in contrast to ozonation. One of the most studied AOP
relies on UV /H,0O,, which is based on the absorption of UV-C light (254 nm) by hydrogen
peroxide (H;O;), which then generates *OH [12]. The photo-Fenton process poses a very
promising alternative to conventional AOPs due to its higher capacity to remove MCs,
which is, in theory, even higher than the UV /H,O, process [13]. The photo-Fenton process
is based on the Fenton reaction in which iron and H;O; are in contact, producing *OH.
In the photo-Fenton process, UV radiation is applied to regenerate iron (III) to iron (II)
and increment *OH production [14]. The pH strongly affects the efficiency of the process,
with the optimal pH being 2.8.; working at natural pH is not possible, as the iron is known
to precipitate. Operating at acidic pH in a WWTP is not feasible due to the complexity
associated with the acidification and neutralisation steps required. Thus, chelating agents
are presented as the key to keeping the iron in solution at natural pH. The chelating agents
are organic molecules, such as ethylenediamine-N,N-disuccinic acid (EDDS), nitrilotriacetic
acid (NTA), oxalic acid, or citric acid, that can form bonds with iron and avoid its precipita-
tion. The stability and efficiency of the chelating agents at neutral pH allow for the removal
of up to 80% of carbamazepine when working with NTA [15] or EDDS [16]. Moreover, the
coupling of the photo-Fenton process at neutral pH with adsorption to remove MCs has
rarely been performed [17,18]. To the best of our knowledge, all the works analysing MCs
removal were carried out under solar irradiance (solar photo-Fenton). Still, this condition
limits the application of the photo-Fenton process to sunny hours; thus, water can only be
treated for a few hours per day. This means that the technology is not feasible in a WWTP
that receives water all day long or in areas with low solar irradiation. Considering these
climatic conditions, medium-pressure (MP) UV lamps (instead of sunlight) were used as
a light source.

Adsorption processes are consolidated technologies that transfer MCs from the water
matrix to an adsorbent material. Granular activated carbon (GAC) filtration is a robust
technology that is easy to implement and operate. The capacity to remove MCs has been
widely demonstrated, up to 80% of carbamazepine or diclofenac can be adsorbed in GAC
filtration [19]. The removal percentage by GAC filtration lies in the affinity of the MC
with the selected GAC [19,20]. The main drawback is the necessity to replace it once
the exhaustion is achieved. In recent years, regenerated GAC has been shown to be an
alternative to reduce waste, energy consumption, and carbon footprint [13,21]. Thus, in this
study, a comparison between commercial fresh and regenerated GAC is also performed.
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The GAC filtration test needs a long operation time of several months to reach the break-
through and achieve exhaustion. In order to address this problem, Crittenden et al. [22] pro-
posed the use of a rapid small-scale column test (RSSCT) as a bench-scale alternative that can
reach the breakthrough in days, reducing the operation time and the amount of water required
for the experiments. The results obtained using the RSSCT are not directly comparable to
the full-scale treatment results, but they allow for a comparison between the performance of
different GACs [23]. Despite its limitations, this test is the preferred process when selecting the
best GAC and indicatively predicting pollution behaviour in GAC columns.

This work studied the coupling of two processes: AOPs and GAC filtration. Despite
previous research on the coupling of the photo-Fenton process and adsorption tested it
with dyes [18], has been rarely proposed to remove MCs with photo-Fenton at natural
pH [17]. Specifically, to the best of our knowledge, this work studies the coupling of both
technologies to remove MCs at natural pH, using lamps as a source of irradiation for the
very first time. The use of the solar photo-Fenton process has been deeply evaluated, but
the use of lamps is mostly studied at the lab scale [24-26], in contrast to the pilot scale
of this study. Furthermore, operating at natural pH (7-7.5) was a requirement to avoid
initial acidification, later neutralisation, and a consequent increase in effluent salinity. In
addition, RSSCTs were performed as stand-alone and coupled systems, which allowed for
a comparison of GAC lifetime, in contrast to the general approach of performing batch tests
that are far from representing the real operation.

The main target and novelty of this work is the focus on exploring the synergies and
benefits of the combination, unlike other studies that combine different technologies to
improve removal efficiency [27-29]. The potential benefits are mainly associated with cost
reduction, GAC lifetime extension, exploring the possibilities of using regenerated GAC
(lowering carbon footprint), a reduction in the reagents in the AOPs, or a reduction in
treatment time, thus reducing energy consumption and coming closer to energy neutrality.
The possible synergies are related to the most recalcitrant MC, which are different for each
technology. The first step was the AOP, which was applied as a polishing step to reduce
the MCs’ concentration but not completely eliminate them. Thus, it can be operated with
lower reagent doses and treatment times. This approach will advance the scaling up of the
photo-Fenton process. Additionally, technical-grade reagents at natural pH and lamps for
UV irradiation were used to study the most realistic scenario in Luxembourg.

Therefore, the main objective of the present work was to reach 80% removal of benzo-
triazole, carbamazepine, clarithromycin, and diclofenac via (1) photo-Fenton, (2) UV/H0,,
(3) GAC filtration, and (4) the coupling of GAC with the two previous AOPs. Different
photo-Fenton scenarios were tested for the best operational conditions, modifying diverse
parameters, e.g., type of lamps, reagent dosage, or pH. Additionally, the feasibility of the
regenerated GAC was compared to fresh. The best scenarios from AOPs were performed
on the coupling of technologies. Toxicity was analysed (as acute toxicity and phototoxicity)
to assess the suitability of the technologies and select the best technology not only in terms
of MCs removal but also in considering the quality of the influent of the treatments.

2. Materials and Methods
2.1. Chemicals

Benzotriazole, carbamazepine, clarithromycin, and diclofenac (purity >99% HPLC
Standards GmbH, Borsdorf, Germany) were spiked in the water matrix to increase the con-
centration to 1 ug L~! for benzotriazole and diclofenac and 2 ug L~ for carbamazepine and
clarithromycin. Two sources of iron were used: ferric sulphate heptahydrate (97%, Sigma-
Aldrich, Hamburg, Geramany (analytic grade)) and iron sulphate solution (12%, Dr Paul
Lohman GmbH, Emmerthal, Germanu (technical grade)). The iron was initially chelated
with EDDS (35%, Sigma Aldrich) and subsequently with analytic citric acid (99%, CarlRoth
GmbH., Karlsruhe, Germany) and technical citric acid (StockMeier Chemie Dillenburg
GmbH., Dillenburg, Germany). Ammonium acetate (98%), ortho-phenanthroline (99%),
ascorbic acid (99%), and sodium thiosulfate (98%) from Sigma-Aldrich were used to mea-
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sure iron and H,O, concentration. Bovine catalase (Sigma-Aldirch, Hamburg, Germany)
was added to all the samples to consume the HyO, and quench the Fenton reaction.

2.2. Water Matrix

MC removal was tested in municipal wastewater effluent from the Heiderscheider-
grund municipal WWTP (12,000 p.e., Luxembourg), which was collected after the clarifier
and thus treated with a conventional activated sludge process. The main characteris-
tics of the wastewater were the following: pH: 6.9-7.7, 400-640 uS cm~! of conductivity,
80-150 mg HCO;3 L1, 9.7-18 mg L~! of chemical oxygen demand (COD), 1.1-5 mg L !
of total nitrogen (TN), 0.66-2.5 mg L~ of NH4*-N, 0.23-2.2 mg L~! of NO; -N, and
0.85-3.3 mg L~! of total phosphorus (yearly range, 2022).

2.3. Analytical Determination

Benzotriazole, carbamazepine, clarithromycin, and diclofenac were analysed externally
(Luxembourg Institute of Science and Technology LIST, Luxembourg). The samples were
pre-concentrated before the injection by solid phase extraction. Then, they were injected
in liquid chromatography (Agilent 1200 SL LC) coupled in tandem with mass spectrome-
try (LC-MS/MS), a Hybrid Quadrupole-Linear Ion Trap instrument (Sciex 4500 QTrap) with
electrospray ionisation in positive polarity. Venditti et al. [30] previously described the method-
ology; the recovery rates, relative standard deviations, and limits of quantification (LoQ) of
MC:s are defined in Table S1 of the supplementary information. The H,O, concentration was
monitored using the spectrophotometric method with titanium oxysulfate (DIN 38402 H15).
The total and dissolved iron were determined via the ortho-phenanthroline method at
510 nm (ISO 6332 [31]). A UV6300 PC Double Beam spectrophotometer from VWR was
used for both analyses.

A pH/conductometer 3320 from WTW was used to monitor pH and conductivity.
Hach-Langue kits measured COD (LCK 1414), TN (LCK 238), NH;"-N (LCK 304), NO; " -N
(LCK 339), and total phosphorus (LCK 349).

2.4. Experimental Setup
2.4.1. Photo-Fenton Systems

The photo-Fenton system, previously described by Ntunez-Tafalla et al. [18], consisted
of three borosilicate reactors in series connected to a tank and working in batch mode
(Figure 1a). The flow was 800 L h™!, provided by a centrifugal pump (Schmitt MPN115
(0.25 kW)); this flow ensured a turbulent regime. Each reactor contained a different lamp: a
500 W MP lamp (89 W in UV), a 150 W MP lamp (45 W in UV), and a 40 W low-pressure
(LP) lamp (11 W in UV). The MP lamp provided polychromatic irradiation compared to
the LP lamp, with two irradiation peaks at 185 and 254 nm. The system allowed for all
the lamps to be simultaneously or separately switched on. The reactor’s external surface
was 0.1 cm?, and the volume was 1.2 L, meaning a hydraulic retention time (or irradiation
time) of 5.5 s. During the process, the temperature was controlled and maintained between
18 and 25 °C to avoid lamp damage.

The tank was filled with 60 L of the water and spiked with benzotriazole, carba-
mazepine, clarithromycin, and diclofenac (the concentration range was 1.5-1.9, 3.34.8,
1.3-2.8, and 1.1-2.5 ug L1, respectively) and then homogenised by recirculating the solu-
tion for 15 min. Then, the preprepared iron complex was added and recirculated for 15 min.
Finally, HyO, was added, and the moment the lamps were switched on was considered
time zero. The iron complex was prepared by dissolving iron sulphate in acidic water. Once
it was totally dissolved, the chelating agent was added and stirred until complete complex
formation. The molar ratio concentration was 1:1 for both chelating agents, EDDS, and
citric acid, as shown by other authors as the most suitable value [32]. The samples were
taken at predetermined times, and the bovine catalase solution (0.1 g L~!) was added to
the samples to remove the residual H,O, and stop the Fenton reaction. The results were
graphically represented by setting the operating time in minutes on the abscissa axis and
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the normalised effluent concentration (C/CO0) on the ordinate axis, which is calculated as
shown in Equation (1):
Ci

Normalised concentration = C/Cy = C.
0

M

where C is the concentration in the water matrix at time i, and Cy is the initial concentration.

Figure 1. (a) Photo-Fenton equipment; (b) RSSC equipment.

2.4.2. Rapid Small-Scale Columns

The RSSC (Figure 1b) system was designed based on the study by Zietzschmann et al. [33].
It consisted of two glass columns operated in parallel, with a diameter of 8 mm and a length of
100 mm; the empty bed volume was adjustable. The water, spiked with the desired MCs concen-
tration, was stirred until complete homogenisation and was stored in a 50 L tank from which the
columns were fed simultaneously by a diaphragm pump (KNF Simdos 02, KNF DAC GmbH).
An autosampler (AutoSam 2.3, Hitec Zang) allowed for samples to be taken at preprogrammed
times. The operational conditions were stabilised in 1 mL of empty bed volume and a flow of
10 mL min~!. A sample was taken from the tank and was considered the initial concentration.

Two commercial GACs were studied within the project: a fresh GAC CarboTech DGF
8 x 30 GL (Carbo Tech Ac Gmbh. Essen, Germany) and a regenerated one, CarboTech
Pool W1-3 (CarboTech Ac Gmbh, Essen, Germany) (being CarboTech DGF 8 x 30 GL after
reconditioning). Table S2 shows their main physicochemical properties. The GAC was
preprocessed to avoid wall effects on the columns. It was crushed with a mortar and pestle,
sieved to obtain a uniform size of between 100 and 500 um, rinsed with deionised water,
and dried in the oven. The GAC was brought in the columns, using glass wool as a retainer.

The breakthrough of the adsorption process on the columns was graphically repre-
sented, setting the abscissa axis as the bed volumes (BV) and normalised effluent concentra-
tion (C/Cyp, C and Cy are the outlet and inlet concentrations, respectively) as the ordinate
axis. BV is a dimensionless parameter that describes the relationship between the volume
feed and the volume of the column at a defined operation time. The breakthrough was
considered to be the time between C/Cy equal to 0.05 and 0.95 [34]. The breakthrough
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was modelled and fit according to the hypothesis that the adsorption of the MCs follows a
first-order kinetic model, as described in Equation (2) [18]:

C KBV
__4 @)

Cy 1+KBV
where C is the concentration at time t, Cy is the initial concentration, q and K are adsorption
parameters, and BV is the BV at which the effluent concentration is measured.

When working with an adsorption system, 80% MC removal corresponds to C/Cq = 0.20
(meaning a maximum of 20% of MCs released into the environment), which is defined as
20 BT. The order in which the MCs achieved 20 BT can be used to scale up the process and
predict the time of GAC replace. On the contrary, the BV in which 20 BT was achieved in the
RSSCT could not directly correlate with a full-scale installation due to various influencing
factors, such as the fouling produced by the organic matter [23].

2.4.3. Coupling of Advance Oxidation Processes and Granular Activated Carbon

AQOP was selected as the first step when coupling technologies. Four scenarios of AOP
were operated and evaluated, varying the selected process (photo-Fenton or UV /H0O;)
and the chelating agents: EDDS, analytic citric acid, and technical citric acid. The final
selection was based on the best performance and also an assessment of practical feasibility
at full scale. The AOP was run for 5 min (5.5 s of irradiation time), then the lamps were
switched off. Bovine catalase was added to the tank to remove the residual H,O, and stop
the Fenton reaction. The AOP effluent was transferred to the RSSCT feeding tank, and the
MC adsorption was evaluated under the same conditions as the stand-alone process for
both GAC types. In order to determine the possible extension of GAC lifetime, CO was the
concentration of the untreated water before the photo-Fenton process.

2.5. Experimental Design

The tests of this study were performed in five phases:

Phase 1: Assess the best lamp type (monochromatic versus polychromatic irradiation,
LP and MP, respectively) to maximise MC removal in the lowest process time (UV/H;0,
and photo-Fenton).

Phase 2: Assess the best iron and H,O, dosage, prioritising the minimisation of iron
and aiming at the lowest reagent concentration possible, irradiation with the best lamp
from Phase 1, and using EDDS as a chelating agent (analytical grade).

Phase 3: Assess the suitability of the best dosage from Phase 1 with citric acid as a
technical-grade, commercially available chelating agent.

Phase 4: Removal of the iron (no iron) dosage and assess the best HyO, concentration.

Phase 5: Perform a comparative characterisation of fresh and regenerated GAC (stand-
alone).

Phase 6: Use a combination of the technologies, applying the best scenarios of the
AOP obtained in the previous phases (Phase 1 to 3) with the referred GACs (Phase 4) to
find the best combination process conditions that maximise GAC lifetime within the same
process time.

The best scenario was selected based on a removal (%) value obtained by calculating
the average of the individual removals for the four mandatory MCs, as defined in the recast
of the existing UWWTD [5].

2.6. Toxicity Test

Toxicity and phytotoxicity were analysed in the treated water for the AOPs and the
coupling of technologies. For the AOPs, two samples were analysed: untreated water and
the sample in which 80% removal was achieved. When the coupling of technologies was
performed, four samples were tested: untreated water, water after 5 min of AOP treatment,
and 4000 BV for fresh and regenerated GAC.

10
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Acute toxicity was determined by Daphnia Magna immobilisation using a DAPH-
TOXKIT F kit (MicroBioTest Inc. (Gent, Belgium)). The lethal concentration, 50% (LC50),
was evaluated at 24 and 48 h in a dilution row of 100% and 50%. Phytotoxicity was as-
sessed in three species, Lepidium sativum, Sinapis alba, and Sorghum saccharatum, with the
PHYTOTOXKIT for Liquid Samples kit (MicroBioTest Inc.). Seed germination and the root
and leaf growth were analysed, showing the water matrix’s germination rates, as well as
the stimulation or inhibition effects on the roots and leaves.

3. Results and Discussion
3.1. AOP Experiments

The UV/H,0, process using LP lamps and an initial HyO, concentration of 40 mg L~
was tested according to previous studies [18]. Figure S1 shows the removal of the average
of the 4 MCs. A total of 80% removal of the average was achieved in 60 min. When looking
at the performance of individual compounds, diclofenac appeared to be the first removed,
which was expected due to its photosensitivity [35], while clarithromycin was the last. this
behaviour was observed in all the AOP processes (Table S3). Therefore, clarithromycin was
adopted as a control compound since it is the most recalcitrant. In the next experiments,
iron was added to speed up the treatment process, resulting in a halved treatment time
regarding UV /H,0;.

In the photo-Fenton test (with LP lamp), EDDS was chosen as the chelating agent due
to its reported stability [36], with an iron concentration of 3 mg L~! (molar ratio with EDDS
1:1). The first tests were performed upon using analytic iron and chelating agents. The
average removal of MCs slightly increased, with less positive results than those previously
reported [37,38]. This slight improvement allowed us to achieve the objective of removing
80% of the average of the compounds in 30 min. However, 80% clarithromycin removal was
achieved in 60 min. The operational duration (minimum 30 min, meaning 33 s or irradiation
time) was found to be too long for future full-scale implementation [39]. Therefore, the
simultaneous operation of both LP and MP lamps was proposed to enhance the irradiation.

In the following test, the 500 W MP and 40 W LP lamps were used simultaneously
with the previous reagent dosage: 3 mg L~! of iron and 40 mg L.=! of H,O,. The average
MC removal reached 60% in 5 min, and the objective was obtained in 10 min (Figure S2).
However, 80% clarithromycin removal was achieved in 15 min. Looking at these results
the iron dosage was reduced to 1.5 mg L~! in order to mitigate iron release into the
environment. The adjustments would align with recommendations in certain German
regions, where the concentration limit in surface water bodies ranges between 0.7 and
1.8 mg L~! [40]. The obtained removal rate was similar to the previous dosage, with 80%
removal of the MC average in 10 min. The high difference in the treatment time between
the 40 W LP lamp and its simultaneous use with the 500 W MP lamp suggested that the
500 W MP lamp was the main contributor; thus, the next tests used this lamp alone, and
this reduced the energy applied for the treatment.

According to a previous study with the 500 W MP lamp [41], 5 mg L~! of iron and
40 mg L~ of HyO, were tested, as well as 3 mg L~! of iron and 40 mg L~! of H,O,.
In Figure 2, the removal of the average of the four compounds is shown to achieve 80%
in both cases after 10 min (11 s of irradiance) of the process. In contrast, the results for
clarithromycin removal were different, with the process taking 5 min less when 3 mg L~!
was dosed. These results could be related to the EDDS increment needed for a higher iron
dosage, which raised the organic content of the solution consuming *OH [42].

Once again, iron was reduced to 1.5 mg L~!, and H,O, was maintained at 40 mg L1
The MC removal rate was lower but close to previous tests, with 75% removal of the
average in 10 min, reaching 80% after 15 min (16.5 s of irradiation time); clarithromycin was
eliminated after 30 min. Lastly, H,O, was reduced to 20 mg L~!, showing a similar trend
of 40 mg L~!. The obtained results confirmed the possibility of working with a low reagent
dosage. The effect was more remarkable for iron than for H,O,, which was reduced by
up to 70%, considering previous works [25,43,44]. Reducing the iron concentration is also

11
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crucial for achieving the legal limits in water bodies. Furthermore, the treatment time was
also much lower compared with previous work, as it decreased from 10 [45], 30 [25], or
180 min [46] to 16.5 s, which would reduce future costs remarkably on a larger scale.
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Figure 2. Average removal of four mandatory MCs using the photo-Fenton process, a 500 W MP
lamp, and EDDS as a chelating agent. l: 5 mg L~1iron and 40 mg L1 of HyOy; e: 3 mg L~!iron and
40 mg L~ of HyOy; A: 1.5 mg L~ ! iron and 40 mg L~! of H,O,; ¥: 1.5 mg L~! iron and 20 mg L1
of H202.

As the combined photo-Fenton process aimed to reduce the MC concentration but
not mineralize them, the removal of MCs after 5 min was compared (Figure 2), obtaining
similar trend results under all conditions. Thus, 1.5 m L~! of iron and 20 mg L1 of H,O,
were selected for the following tests.

When anticipating the scaling up of the process in the future, alternative chelating
agents available as industrial products were proposed since EDDS is highly expensive and
difficult to find provided in large quantities from the market. Citric acid is a compound
that is widely used in industry, is easy to handle (in the form of powder) at an affordable
cost and is not toxic. Given its demonstrated suitability by previous authors [47], it was
selected as the preferred option for potential future scale-up. Citric acid was used as an
iron chelating agent for two iron forms: (i) analytical iron chelated with analytical-grade
citric acid and (ii) technical-grade iron using technical-grade citric acid as chelating agents
to properly assess the influence of the quality of the reagents in the performance of the
process. A total of 80% average MCs removal was achieved with both iron:citric acid
qualities in 15 min; a slight removal rate of the analytical iron:citric acid was observed,
increasing the process time from 20 to 30 min for clarithromycin degradation. The slower
removal when using citric acid as a chelating agent is related to the lower stability of
the complex [48]. In contrast, the good performance of the technical-grade product was
satisfactory, as previous works did not show the possibility of completely removing all the
MCs [17,45]. This difference can be caused by the higher energy irradiated on the system,
as previous works were performed under solar light. Figure 3 compares MC degradation
with the three chelated iron sources (analytical-grade iron:EDDS, analytical iron:citric acid,
and technical-grade iron:citric acid). These three scenarios were further studied on the
coupled treatment.

12
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Figure 3. Average removal of four mandatory MCs using the photo-Fenton process, a 500 W MP
lamp, 1.5 mg L1 iron, and 20 mg L~! of H,O,. M: EDDS; e: analytic citric acid; A: technical-grade
citric acid.

UV/H;0; (no iron) was also investigated using the 500 W MP lamp. Figure 4 shows
the removal trend using 40 mg L~!. A sharp removal was observed in the first minutes,
achieving 80% of the MCs average removal in 10 min (11 s of irradiation time). As in the
previous tests, diclofenac was the first to be removed (in 5 min), and clarithromycin was
the most recalcitrant, needing 15 min to accomplish the objective (Table S3). The H,O,
dose was increased to 100 mg L~!, with the aim of achieving higher degradation rates.
The results were similar to the previous test; the close results can be related to an excess
of HyO, that quenches *OH by producing hydroperoxyl radicals [49], which has been
previously reported by other authors [7]. Considering this phenomenon, the H,O, dosage
was reduced to 20 mg L1 of H5>0O,. Under this condition, removal rates were slower,
reaching 80% average removal in 15 min and for clarithromycin in 20 min. Therefore,
UV/H,0, with 40 mg L~ was selected to be coupled with GAC filtration. Table 1 presents
a comprehensive summary of the key parameters from the tests, providing clear evidence
to support and validate the selected scenario.
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Figure 4. Average removal of four mandatory MCs using the UV /H,0O, process and a 500 W MP
lamp. M: 20 mg L1 of HyOy; e: 40 mg L~!; A: 100 mg L.
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Table 1. Time, energy consumption, H,O, consumption, and dissolved iron concentration at the
point when 80% removal of the average four mandatory MCs was achieved during the AOP tests.

Time Energy H,0; (mg Diss. Iron

(min) (kWh) L-1) (mgL-1)
UV/H,0,: 40 W LP lamp 40 mg L' of H,O, 60 40 5.1 -
Photo-Fenton: 40 W LP lamp 3 mg L~! of iron and 40 mg L~! of H,0O, 60 40 14.2 26
Photo-Fenton: 500 W + 40 W 3 mg L~! of iron 40 mg L1 of H,0O, 10 90 8.8 3.0
Photo-Fenton: 500 W + 40 W 1.5 mg L™! of iron 40 mg L~! of H,O, 10 90 4.8 1.6
Photo-Fenton: Fe:EDDS 5 mg L~ of iron 40 mg L™! of H,O, 10 83 9.2 4.7
Photo-Fenton: Fe:EDDS 3 mg L~! of iron 40 mg L~ of H,O, 10 83 6.2 3.0
Photo-Fenton: Fe:EDDS 1.5 mg L~ of iron 40 mg L~ of H,O, 15 125 5.0 1.4
Photo-Fenton: Fe:EDDS 1.5 mg L~ of iron 20 mg L1 of H,0O, 15 125 5.2 1.5
ggi(;—igr}tg?:l{ieoz(;itric Acid Analytical-grade 1.5 mg L~ of iron 15 125 3.9 15

S . 1 -

gg?rtl(; Ee_r}tg?.HI:eo.(zfltrlc Acid Technical-grade 1.5 mg L™" of iron 15 125 38 17
UV/H,0,: 500 W 20 mg L1 of H,0, 15 125 3.0 -
UV/H,0,: 500 W 40 mg L~! of H,O, 10 83 5.0 -
UV/H,0,: 500 W 100 mg L~ of H,O, 10 83 6.7 -

3.2. Adsorption Process

The adsorption capacity depends on a wide range of compound characteristics, such
as the polarity or the molecular weight. A determinant characteristic for the adsorption of
MCs is their hydrophobic nature, which is usually described by the octanol-water partition
coefficient (Kow) represented by the log Kow. The affinity of each pollutant to adsorption
can thus be categorised as follows: low adsorption affinity (log Kow < 2.5), medium
adsorption affinity (2.5 < log Kow < 4), and high adsorption affinity (log Kow > 4) [50].
The Kow values of the target compounds are shown in Table 54. The water matrix content
has also been described as a determinant of the adsorption of MCs, as dissolved organic
matter competes with MCs for the adsorption sites [51].

Figure 5 shows the breakthrough of the average of the MCs adsorption for the fresh
and the regenerated GAC. The breakthrough was fitted following the model described
in Equation (2); the values of the model are shown in Table S5. The model was used
to calculate the adsorption capacity for both GACs. The results were similar since the
regenerated GAC was produced from the fresh GAC, attaining the average MCs 20 BT
in 1080 and 720 BV for fresh and regenerated GAC, respectively. Diclofenac was the
first to achieve 20 BT at 400 BV for both GAC types. Diclofenac is a strong competitor
for the adsorption sites, quickly occupying the available adsorption sites [2], thus, it has
been reported as one of the first compounds to show signs of a breakthrough (Table S6).
The second MC to achieve 20 BT was clarithromycin, showing a higher difference between
adsorbent materials, reaching 20 BT in 1000 BV and 500 BV for fresh and regenerated GAC,
respectively. Next, carbamazepine and benzotriazole achieved the breakthroughs (third
and fourth, respectively). The order of reaching 20 BT was directly related to the molecular
mass (Table S4). The similar performance of both materials evidenced the possibility of
implementing regenerated GAC at full scale, lowering the carbon footprint.
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Figure 5. MC average breakthrough of Ml CarboTech DGF 8 x 30 GL (fresh GAC) and e CarboTech
Pool W1-3 (regenerated GAC).

3.3. AOP and Adsorption Process Combination

Four scenarios were selected to study the benefits of the coupling of these technologies.
The scenarios were selected to analyse from the most favourable scenarios at the lab scale
(EDDS) to the most realistic setup for a future scale-up, such as technical-grade iron and
citric acid. All cases showed a GAC lifetime extension for diclofenac, which was the first
to achieve 20 BT in the GAC stand-alone filtration and was quickly removed by AOPs.
However, the influence on GAC lifetime should be considered due to the presence of
technical-grade product excipients, which can block the pores of the GAC.

Figure 6 shows the percentage of removal attained by each process within the 80%
target for the average of the MCs in the different scenarios. The BV when 80% was achieved
is shown above the bars. The first bar shows the GAC stand-alone, which was used to
facilitate a comparison of the extension of the GAC lifetime.
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Figure 6. Contribution of each step of the coupled treatment (until 80% target) in the four selected
scenarios (orange: removal by adsorption; purple: removal by the AOP). The bed volumes when 80%
removal was achieved can be seen above the bars.

When using iron: EDDS, 1.5 mg L~! of iron and 20 mg L ! of HyO,, 64% of the average
MC was removed in the photo-Fenton treatment, eliminating up to 72% of diclofenac.
Thanks to the high removal of diclofenac, the fresh and regenerated GAC lifetime was
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extended up to 10 and 11 times, respectively. When the MCs were analysed separately,
the first to achieve the minimum removal limit was clarithromycin, and the second was
diclofenac. Up to 80% of the benzotriazole was removed in all the tests.

The removal in the first step, AOP, was close to those observed by previous
authors [27,29]. Still, in the present work, iron concentration was reduced from 5 mg
L~!to 1.5 mg L™}, and H,O, was reduced from concentrations between 50 and 150 mg L !
to 20 mg L~!. Moreover, the treatment time was reduced since solar irradiation has a lower
irradiance than lamps. These results highlight the benefits of working with UV lamps
instead of solar irradiation. From the previous investigations, it is highlighted that even
when working at acidic pH and high reagent dosage, it is necessary to evaluate the toxicity
of the matrix, as several by-products are generated and not removed in the adsorption step.
The GAC phase in the previous works was, in general, performed in batch mode, so no
comparison was possible.

When using citric acid as a chelating agent, the efficiency of the photo-Fenton process
was reduced, as observed in the previous test, with 48% and 44% removal for analytical-
and technical-grade chemicals. The GAC lifetime was extended 5 and 7 times for fresh
and regenerated GAC, respectively, when analytic iron and citric acid were used in the
AOP. When the technical grade chemicals were employed, this extension was reduced to
2 and 2.5 for fresh and regenerated GAC. The difference between analytical-grade and
technical-grade products highlights the necessity of testing products similar to those on
a large scale. The lower extension of the GAC lifetime when technical-grade chemicals
were used could not be exclusively related to the lower removal in the first step, as it was
close to the analytical grade. This effect can be caused by competition for the adsorption
sites with the excipients contained in the technical reagents.; the iron source contained
only 12% iron, meaning 88% constituted other additives. This effect was observed by
the authors [17], whose iron concentration was higher; therefore, the GAC lifetime was
shorter. Diclofenac was the most affected by this impact, being the first to achieve the
breakthrough instead of clarithromycin. There are two possible causes of this effect. On
one side, the higher molar mass of diclofenac disallows it from occupying the clogged
pores. On the other hand, the presence of additives in the technical-grade chelating agents
could provoke a modification in the GAC charge, thus causing a lower affinity between the
material and GAC.

In the case of the UV /H, 0, process, using 40 mg L~! of HyOy, 52% of the MCs average
was removed in the first stage, which is slightly higher than the tests in which citric acid
was selected. However, the GAC lifetime extension was closer to using EDDS as a chelating
agent, being extended by up to 9 and 13 times for fresh and regenerated GAC, respectively.
The increment in GAC lifetime can be caused by the lower COD content from the chelating
agent in the water matrix. As reported in the literature, COD competes with MCs in the
adsorption process [19,52], reducing the lifetime. In addition to the COD, the presence of
iron can also compete with MCs for the adsorption sites, being less adsorbed.

The coupling of processes strengthened the use of regenerated GAC to remove MCs.
In almost all the scenarios, the lifetime of regenerated GAC was close to the fresh one. In
addition, the regenerated GAC lifetime extension was higher than the fresh GAC in all the
scenarios, making it possible to extend it between 2.5 and 13 times. Thus, the approach of
coupling the technologies greatly promotes the use of regenerated GAC on a larger scale.

These results, when linked to the previous test with the stand-alone AOP, show that
the UV /H;,O; process is more suitable than the photo-Fenton process for removing MCs.
However, toxicity tests were required to study the possible presence of by-products in the
treated water, which could produce a potential toxic release into the environment.

3.4. Toxicity Tests

The toxicity evaluation is highly relevant when working with the AOP, since by-
products can be generated and not mineralised in the process. These by-products can
be more toxic than the original pollutants [53], obtaining a final effluent with a lower
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concentration of the selected MCs but more harmful than the untreated water. During
the AOPs, three different responses to toxicity can occur: a general decrease in toxicity, an
increase in toxicity in the first minutes but a decrease after a determined time, or a general
increase in toxicity [54]. Furthermore, it has been demonstrated that the toxicity is not the
result of the average of the MC’s toxicities; rather, synergetic effects with the matrix take
place, affecting the general toxicity [55,56].

Acute toxicity was analysed using the Daphnia Magna test; an immobilisation lower
than 10% was considered a non-acute toxic sample [55]. No acute toxicity, neither in
24 h nor in 48 h of sample contact, was detected in any of the stand-alone AOP scenarios
(Table S7). In the combination of processes, the untreated water showed slight toxicity after
24 h of sample contact in the scenario where EDDS was used as a chelating agent (Table S8),
disappearing after 5 min of the photo-Fenton process. In the analysis, after 48 h of sample
contact, 20% of immobilised Daphnia Magna was reported after 5 min of the photo-Fenton
process using technical-grade citric acid. The lower oxidative capacity of the commercial
citric acid shown in MCs removal results in a lower capacity for mineralising MCs and
releasing degradation by-products. However, the following GAC step significantly reduced
that toxicity, with even a value of 0 for the regenerated GAC.

Phytotoxicity was evaluated in the same scenarios and samples as for Daphnia Magna.
The most sensitive species, principally in germination but also in the root and shoot length,
was Sorghum saccharatum.

The use of the 40 W LP lamp showed root and shoot length inhibition for Sorghum
saccharatum (Table S9). The negative effect might be caused by the lower UV dose, which
slows down the process, removing partially the MCs, with the possible presence of by-
products. Iron:EDDS addition when operating this lamp increased the removal of MCs but
had a negative effect on the root and shoot length growth of Lepidium sativum. The negative
effect of iron:EDDS addition can be caused by the use of EDDS as a chelating agent, which
is in agreement with Ahile et al. [47].

The simultaneous use of MP and LP lamps dosing 3 mg L~! of iron (chelated with
EDDS) showed no phytotoxic effect in any of the studied species. However, the treatment
did not solve the growth inhibition observed in the untreated water. In the case of dosing
1.5 mg L~! of iron (chelated with EDDS), a negative effect was observed in the root and
shoot length of Lepidium sativum and Sorghum saccharatum. The incomplete mineralisa-
tion of MCs can explain this due effect to the lower *OH production related to the low
concentration of iron:EDDS.

Using 500 W MP lamps with EDDS as a chelating agent achieved satisfactory MC
removal results. Regarding toxicity, the best dosage was 5 mg L~! of iron, which generally
had a positive effect on the phytotoxicity of all the plant species. The reduction in iron to
3 mg L~! had a slight negative impact on phytotoxicity despite good results for removing
MCs. The difference between both scenarios could be associated with the higher amount of
iron in the first scenario, entailing a higher amount of EDDS, which was mineralised by
*OH [56]. A similar phytotoxicity increment was observed when iron was decreased to
1.5 mg L~! and when H,O, was maintained at 40 mg L~!. In contrast, reducing the H,O,
dose to 20 mg L~! did not affect toxicity despite the slowing down of the removal of MCs,
which was also observed in the UV /H,O, tests dosing different H,O, concentrations.

The use of analytical citric acid had a positive effect on the stimulation of root and shoot
length growth in Sorghum saccharatum. This stimulation was higher than when working with
EDDS, which is in accordance with Ahile et al. [47], who demonstrated lower phytotoxicity
for citric acid. The use of technical-grade iron:citric acid had a negative effect, reducing the
stimulation of the growth of Sorghum saccharatum and Sinapis alba. A possible explanation might
be that there is lower *OH production; thus, more by-products were not removed; it could also
be because the additives of technical-grade iron which can have phytotoxic effects.

In the tests with UV /H,O,, no phytotoxicity effect was observed for Sorghum sacchara-
tum. Root and shoot growth were stimulated in the three scenarios for Lepidium sativum
and Sinapis alba, increasing the stimulation percentage as the H,O, dose increased. These
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results support the previous conclusion, which is that the UV /H,O; process is preferred
vs. the photo-Fenton process.

On the coupling of processes, using EDDS as a chelating agent had a negligible effect
on the phytotoxicity of Sorghum saccharatum (Figure 7). The impact on the other two species
was positive, stimulating growth. However, the use of citric acid had a negative effect in
both cases, analytical grade or technical grade. The germination rate was reduced, as well
as root and shoot length growth. However, only the technical grade had a negative effect on
Lepidium sativum growth, and it had no effect on Sinapis alba. The operation during 5 min of
the UV /H;0,; process also showed negative effects on Sorghum saccharatum root and shoot
growth. Thus, the photo-Fenton process using EDDS as a chelating agent was the best scenario
when it was operated for only 5 min, and no presence of phytotoxic by-products was observed.
This supports the high *OH production that not only mineralises the MCs but also degrades
the EDDS, removing the toxicity reported by other authors. Nevertheless, the use of EDDS
was not an alternative, as it had previously been discarded for scaling up due to the lack of
technical-grade products. The GAC filtration showed a positive effect on Lepidium sativum
and Sinapis alba growth, obtaining higher-quality water in all cases. In the case of Sorghum
saccharatum, no effect was observed for growth. The present results show the usefulness of
bioanalytical monitoring with different species in the coupling of processes.
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Figure 7. Phytotoxicity inhibition (negative values) and stimulation (positive values) of seed germi-
nation and root and shoot length for the three plant species. (a) Coupling of the technologies using
EDDS as a chelating agent. (b) Coupling of the technologies using analytic citric acid as a chelating
agent. (c) Coupling of the technologies using technical citric acid as a chelating agent. (d) Coupling
of the technologies using the UV/H,0O, process.
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4. Conclusions

In this study, the synergies and advantages of coupling different AOPs using lamps
as UV sources with GAC filtration was studied. The reduction in reagents for the photo-
Fenton process was demonstrated using 1.5 mg L~ iron and 20 mg L~! of H,O, and
achieving satisfactory results, which is considerably lower than the reported value for
a similar process in the literature. Despite high removal when using the photo-Fenton
process, the UV/H,O, process showed slightly lower removal, but the use of iron was
avoided. Before the coupling of the technologies, a synergy effect was observed between
the AOPs and GAC filtration. Diclofenac was the most recalcitrant MC for GAC filtration
but the best removed in the photo-Fenton process. This shows evidence of the advantage
of coupling two different quaternary treatments where the most recalcitrant compounds
are different for each. Moreover, the coupling reduced the AOP treatment time by between
50 and 66%, consequently reducing energy consumption. Additionally, depending on
the scenario, GAC lifetime extension varied between 2 and 11 times, being GAC lifetime
comparable when applying the photo-Fenton or UV /H,O, processes. This result showed
that UV/H,0; avoided the addition of iron, simplifying the process and operation at
natural pH in any case. The coupling of technologies produced a higher positive effect in
the regenerated GAC than in the fresh version, obtaining a similar GAC lifetime for both
types. Thus, regenerated GAC could be adopted, reducing the carbon footprint, energy
consumption, and waste management costs for its disposal. The lack of toxicity highlighted
the absence of toxic by-products, as can appear when working with ozone. Further studies
will implement the coupling of technologies in an on-site pilot-scale plant in the WWTP of
Heiderscheidergrund (north of Luxembourg).
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istics of the selected MCs; Table S5: First-order kinetic model values of stand-alone GAC adsorption;
Table S6: 1-(C/C0) of the independent MCs in the adsorption tests; Table S7: Acute toxicity values
in AOPs based on Daphnia Magna immobilisation; Table S8: Acute toxicity values in the coupling
of processes based on Daphnia Magna immobilisation; Table S9: Phytotoxicity inhibition (negative
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three plant species; Figure S1: Microcontaminant removal using the AOP; Figure S2: MC removal
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Abstract: This work focused on the decolorization of methyl red (MR) from an aqueous solution utilizing
Rumex abyssinicus-derived biochar (RAB). RAB was prepared to involve unit operations such as size
reduction, drying, and carbonization. The pyrolysis of the precursor material was carried out at a
temperature of 500 °C for two hours. After that, the prepared RAB was characterized by the pH point of
zero charge (pHpzc), the Brunauer-Emmett-Teller (BET) method, Scanning Electron Microscopy (SEM)
and Fourier-Transform Infrared (FTIR) spectroscopy. On the other hand, a batch adsorption experiment
of MR removal onto RAB was conducted, considering four operating parameters: pH, contact time,
adsorbent dose, and initial dye concentration. The characterization of the adsorbent material revealed
a porous and heterogeneous surface morphology during SEM, a specific surface area of 45.8 m?/g
during the BET method, the presence of various functional groups during FTIR, and a pHpzc of 6.2. The
batch adsorption experiment analysis results revealed that a maximum removal efficiency of 99.2% was
attained at an optimum working condition of pH 6, contact time of 40 min, initial dye concentration
of 70 mg/L and adsorbent dosage of 0.2 g/100 mL. Furthermore, Freundlich isotherm (R? = 0.99) and
pseudo-second-order kinetics (R? = 0.99) models confirmed the heterogeneous surface interaction and
chemisorption nature. Generally, this study highlighted that RAB could be a potential adsorbent for the
detoxification of MR-containing industrial effluents.

Keywords: adsorption; methyl red; Rumex abyssinicus; textile wastewater; water quality

1. Introduction

Meeting goal 6 of the sustainable development agenda (clean, safe, sufficient, and af-
fordable water for all of humanity) has remained challenging due to various anthropogenic
and natural factors [1]. Human-induced activities, in particular, have become serious
sources of water pollution, affecting the quality and quantity of freshwater [2]. According
to a European investment bank report, about 380 billion cubic meters (BCM) of wastewater
is generated annually worldwide, increasing alarmingly, and it is estimated to reach 470
and 574 BCM by 2030 and 2050, respectively [3]. This condition causes water quality
deterioration and a reduction in its quantity, as most untreated and inadequately treated
wastewater is discharged into nearby water bodies [4,5]. In line with this, industrialization
has contributed profoundly to wastewater generation, and about 80% of industrial effluents
are emitted into the nearby water channels [6].

Regarding wastewater generation, the textile industry is among the frontline contribu-
tors of wastewater, because about 93 BCM of fresh water is utilized in different stages of
textile processing, which is estimated to be 4% of freshwater extraction globally [7]. Fur-
thermore, industrial textile processing, such as the dyeing and finishing stages, consumes
200 L of water per kg of fabric processed, resulting in 17-20% wastewater [8]. In line with
this, textile industry-based wastewater is characterized by high amounts of biochemical
oxygen demand (BOD), chemical oxygen demand (COD), total solids and massive dyes [9],
posing serious risks to human health and aquatic biota [10]. In particular, dye-saturated
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textile wastewater can potentially cause diseases like cancer and negatively affect aquatic
biota [11].

Methyl red (MR) is a synthetic, anionic mono-azo dye with a chemical formula of
C15H15N30; and a molecular weight of 269.30 g/mol that is almost insoluble in water,
but more soluble in other solvents like glacial acetic acid, ether and methanol [12-14]. It
is a reactive dye widely used as an acid-base indicator in laboratories [15]. Additionally,
methyl red is applied in the textile dyeing and finishing processes [16] due to its high
color-fixing performance and mild fading [16]. However, MR-saturated effluents raise
concerns regarding human health and environment-related problems [17,18]. Long-term
exposure to MR has been found to pose health risks like skin damage, and it can irritate the
digestive system and eyes [19].

Furthermore, MR is known to be mutagenic, toxic, and carcinogenic, and its complex
decomposition in water bodies makes it harmful to aquatic biota [20,21]. MR is considered
mutagenic, toxic, and carcinogenic due to its complex aromatic molecular structure, which
makes it more stable and difficult to biodegrade [22]. The presence of azo groups in the
chemical structure of MR is responsible for its mutagenic and carcinogenic properties [23].
The azo group (-N=N-) is known to undergo reductive cleavage, leading to the formation
of toxic aromatic amines [24]. The presence of these aromatic amines in MR contributes to
its toxicity and potential carcinogenicity [25]. The chemical structure of MR consists of a
benzoic acid moiety attached to a dimethylamino group through an azo linkage [26]. The
azo linkage (-N=N-) is the functional group responsible for the color and reactivity of MR.
The chemical structure of MR is shown in Figure 1.

HaCw COOH
N
CH,

Figure 1. Chemical structure of methyl red.

Hence, treatment interventions are critical before discharging MR-saturated wastewa-
ter into nearby water bodies. Various MR decolorization techniques have been explored,
aiming to mitigate its environmental and health impacts. These include traditional wastew-
ater treatment techniques such as coagulation/flocculation [27], neutralization [28] and
precipitation. However, these conventional methods face challenges in effectively remov-
ing MR from wastewater due to the persistent nature of the dye [29]. Hence, advanced
wastewater treatment techniques such as the electrochemical process [14], photocatalytic
degradation [30], membrane filtration [31], electron photo-Fenton oxidation [32], and re-
verse osmosis [33] are widely used for MR decontamination. These techniques effectively
remove MR from aqueous or textile wastewater [34]. However, certain drawbacks such
as their massive chemical consumption, high capital requirement, energy intensiveness,
need for skilled human resources and formation of secondary pollutants [35] necessitate
the search for environmentally benign, socially acceptable, low-cost and easily accessible
treatment methods such as adsorption [36].

Adsorption, defined as the deposition of molecular species onto a solid surface [37], is
regarded as a green, clean and versatile method for water and wastewater treatment [37].
Herein, the molecular species that gets adsorbed on the surface is known as the adsorbate,
and the surface on which adsorption occurs is known as the adsorbent [38]. Hence, ad-
sorption is a surface phenomenon affected by various parameters such as the temperature,
concentration, contact time, pH and adsorbent dosage [39]. Adsorption techniques are
classified into physisorption and chemisorption. Physisorption (physical adsorption) is
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reversible, does not need activation energy, is characterized by non-specificity and occurs
via weak Van der Waals forces.

In contrast, chemisorption (chemical adsorption) is known for its irreversibility, speci-
ficity, formation of chemical bonds and need for activation energy [40]. Various adsorbent
materials are utilized to remove contaminants from water and wastewater. These include
natural minerals such as rocks and soils [41], coal-based adsorbents [42] and biomass-
derived adsorbents [43]. Numerous selection criteria are considered when choosing the
best-performing adsorbent materials. These include local availability, a large specific sur-
face area, high chemical reactivity, porosity, cost-effectiveness, renewability and removal
efficiency [44].

Adsorption has been extensively studied for MR removal from textile wastewater
and the aqueous environment. Previous research has demonstrated the efficiency of
various adsorbents, such as commercial activated carbon [45], zeolites [46], and biosorbents
derived from agricultural waste [47]. Among these, commercial activated carbon has
gained considerable attention due to its high surface area, pore structure, and adsorption
capacity [48]. However, the sustainable development of an adsorbent is crucial to ensure
its long-term viability as an effective adsorbent. The production of an adsorbent from
non-renewable resources raises concerns regarding its environmental impact and long-term
availability [49]. Therefore, researchers have focused on developing biobased activated
carbon/biochar derived from biomass waste materials, such as agricultural residues, wood
waste, and biochar. These biobased activated carbons offer a sustainable alternative and
economic benefits by utilizing waste materials [50]

Various biomass-derived adsorbents have been applied for the removal of methyl red.
For instance, a sorbent made of Annona squamosa leaves and barks achieved a maximum
adsorption capacity of 7.2 mg/g [51]. Additionally, Bali cow bones-based hydrochar ma-
terial reached a capacity of 7.2 mg/g [52]. Raphanus caudatus powdered leaves biomass
exhibited a capacity of 30.86 mg/g [53]. These studies showcase the diverse adsorption ca-
pacities of different biomass-derived adsorbents for methyl red, highlighting their potential
in wastewater treatment applications. However, the low adsorption capacities recorded in
these studies necessitate the exploration of new locally available precursor materials, such
as Rumex abyssinicus, which exhibit greater adsorption capacity.

Rumex abyssinicus, a 34 m tall herb found in tropical Africa, North Africa, and
Ethiopia [54], is a traditional medicine used for treating diseases like sexually transmitted
diseases, fungal infections, diabetes, lung tuberculosis, and leprosy [55,56]. Its roots and
bark lower blood pressure, heal wounds and treat stomachaches [57]. However, the
remaining parts are often discarded. This study aims to use biochar synthesized from the
Rumex abyssinicus stem as an effective adsorbent for pollutant detoxification. Previous
research focused on producing activated carbon from Rumex abyssinicus and its application
in dye decolorization. However, preparing activated carbon from biomaterials necessitates
activating agents such as chemicals and carbonization at an elevated temperature.

Furthermore, the tedious steps required to wash the acid /base used for neutralization,
in addition to the massive chemical consumption and energy intensiveness, make the
bio-based activated carbon preparation process uneconomical and time-consuming. Hence,
this work focused on producing and applying Rumex abyssinicus-based biochar (RAB) for
MR removal from aqueous solutions. To the best of the authors” knowledge, no research
has been conducted on the preparation of biochar from the Rumex abyssinicus plant.
Additionally, no study has addressed the removal of MR from wastewater or aqueous
solutions using RAB, which highlights the presence of a research gap. Hence, this study
addresses the lack of research on the production and application of Rumex abyssinicus-
based biochar for MR removal from aqueous solutions.
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2. Material and Methods
2.1. Biochar Preparation

The precursor material (Rumex abyssinicus) utilized in this work was collected from
Addis Ababa, Ethiopia. The sun-dried stem of Rumex abyssiniccus was thoroughly washed
with tap water before being rinsed with distilled water to eliminate dirty materials that
may affect the potential of the adsorbent material. After that, the dust-free sample of
Rumex abyssinicus was oven-dried (model BOV-T50F, BIOBASE, China) at a temperature
and time of 105 °C and 24 h, respectively. The completely dried precursor material was
then pulverized into smaller pieces using a mechanical granulator (Hummer mill-008,
STEDMAN, USA). The pyrolysis of the precursor material was carried out using a muffle
furnace (Model Nabertherm F 330, Cole Parmer, Canada) at a carbonization temperature
of 500 °C for two hours. During the carbonization process, a heating rate of 25 °C/min
was used. Figure 2 depicts the major steps followed for the development of biochar from
Rumex abyssinicus biomass. Finally, the prepared adsorbent material was cooled in a
desiccator, reduced to a particle size of 250 pm and stored in a zip locker for subsequent
batch adsorption and adsorbent characterization experiments [58-60].

[ o
T

(A) (B) ©

Figure 2. RAB preparation stages: (A) stem of Rumex abyssinicus, (B) partially size-reduced sample
and (C) ready-made adsorbent.

2.2. Adsorbent Characterization
2.2.1. pH Point of Zero Charge

Techniques such as acid titration and salt addition are widely used to determine the
pH point of zero charges (pHpzc), so the mass addition method for pHpzc determination
was used in this study. Precisely, six 250 mL Erlenmeyer flasks were used to prepare 50 mL
of 0.1 M NaCl, and the pH variation between 2 and 12 was adjusted using 0.1 M HCI or
0.1 M NaOH. After adjusting the pH, 1 g of the sample was added to each of the flasks
and the sample was shaken at 125 rpm for 48 h. In the end, the pHpzc for the sample was
determined by drawing curves relating to the initial pH and ApH (pH initial-pH final) [61].

2.2.2. The Brunauer-Emmett-Teller Surface Area Analysis

The Brunauer-Emmett-Teller (BET) method was employed in order to ascertain the
specific surface area of the adsorbent material. Within this methodology, a BET sampler was
utilized to prepare 0.4 g of the adsorbent, which was subsequently degassed under vacuum
conditions at a temperature of 200 °C for a duration of 1 h. The adsorption-desorption
isotherm of nitrogen at an atmospheric pressure of 700 mm was employed to determine the
specific surface area of the adsorbent. The adsorption of nitrogen on the adsorbent’s surface
was intensified through the utilization of liquid nitrogen at a temperature of —196.5 °C.
Ultimately, the BET-specific surface area of the biochar was assessed on the basis of the
partial pressure to saturated vapor pressure ratio [62].
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2.2.3. Surface Morphology Analysis

Scanning Electron Microscopy (SEM) analysis was performed in order to examine the
various surface morphologies and porosity formation that characterized the adsorbent. The
operating procedures outlined in the SEM machine manual were utilized to prepare the
samples and conduct the scanning. In this study, RAB powder was attached to aluminum
specimen stubs that had double-sided SEM functionality. These stubs were sputter-coated
with a thin layer of gold. Imaging was carried out using a resolution of 10 um and a
guaranteed capacity of 10 kV, using the JCM-6000PLUS BENCHTOP SEM (JOEL), a model
from Japan [63,64].

2.2.4. Functional Group Analysis

Functional group analysis was carried out using Fourier-transform infrared (FTIR,
(FT-IR spectroscopy, Perkin Elmer, USA)). Recording of the FTIR spectrum was performed
in the region of 4000 to 400 cm~!. In this process, the adsorbent was mixed thoroughly
with dry KBr at the ratio of 2:200. Formerly, the mixture of the adsorbent and dry KBr
was crushed in a mortar to yield a homogenous powder combination. Then, the powder
was injected into a molder to produce a very fine plate. Finally, FTIR data graphs were
presented using Origin Pro version 22.

2.3. Batch Adsorption Experiments

The stock solution of the target pollutant (MR) was prepared by dissolving 1 g of MR
in 1 L of distilled water, giving a dye concentration of 1000 mg/L. Then, serial dilution
was thoroughly performed to obtain the intended concentration of MR. The optimization
of MR removal was carried out considering the four operating parameters affecting the
batch adsorption efficiency. Accordingly, the pH, adsorbent dosage, contact time and initial
MR dye concentration were optimized using the one variable at a time (OVAT) approach.
Normally, in OVAT, changing one variable is accompanied by fixing other variables at their
specified values. Therefore, the effects of the operating parameters were investigated by
varying the pH (3-9), contact time (20-60 min), adsorbent dosage (0.1-0.3 g/100 mL) and
MR concentration of 50-100 mg/L. The temperature was maintained at 25 °C for all batch
adsorption experiments, whereas a shaking speed of 250 rpm was used. The residual MR left
unadsorbed was quantified using UV-Vis spectroscopy (JASCO V-770, JASCO, and Oceania)
at a maximum wavelength of 520 nm. Precisely, 100 mL of the target pollutant solution
was transferred into an Erlenmeyer flask, whose pH was adjusted using 0.1 M NaOH and
HCl, depending on the required pH value. A known amount of the adsorbent material was
added to the pH-adjusted solution. The adsorption process was then initiated by placing
the target pollutant and adsorbent material mixture in an orbital shaker (70400 LCD Digital
Orbital Shaker) at 250 rpm. As the contact time expired, the solution was filtered out using
Whatman filter paper and the filtrates were collected using various sampling bottles. Then,
the dye-containing solution was transferred into a cuvette, and the absorbance reading was
carried out by inserting the residual dye-containing cuvette into the UV-Vis spectroscope
(JASCO V-770, JASCO, Oceania). The absorbance read was then used to calculate the final MR
concentration. Finally, the adsorption capacity (Qg) in mg/g and the removal efficiency (Rg)
in % were calculated using Equations (1) and (2), respectively.

Qe = (Co—Co) x - 0

_ Co—C;
o

Rg x 100% @)

where Co and Cg, both in mg/L, denote the initial and final dye concentration, respectively,

and m and V are the mass of Rumex abyssinicus-derived biochar (g) and the volume of the
solution (L), respectively [52].

27



Water 2024, 16, 2237

2.4. Adsorption Isotherm

Langmuir and Freundlich are the most popular adsorption isotherm models used to
investigate the nature of the adsorption at equilibrium [65,66]. Fundamentally, these two
isotherm models differ because the Langmuir isotherm is assumed to indicate monolayer
and homogenous surface interaction. In contrast, the heterogeneous and multilayered
interaction was observed when the Freundlich isotherm model was found to fit data bet-
ter [67,68]. The equations for the Langmuir and Freundlich isotherm models are presented
in Table 1.

Table 1. Langmuir and Freundlich isotherm models.

Model Equation Parameters Equation Number
Qmax is @ maximum adsorption
capacity (mg/g)
.  QuuKiCe Ce is equilibrium MR
Langmuir Q. = I+K.Ce concentration mg/L ©

Ky is Langmuir isotherm
constant (L/mg)

Kg—Freundlich constant
(mg/g)(mg/L)"
Freundlich Q. = KpC,l/™ 1/n—Freundlich exponent that 4)
describes the nonlinearity of the
sorption isotherm

Varied initial dye concentrations (50, 60, 70, 80, 90 and 100 mg/L) at the constant oper-
ating conditions of pH 6, a contact time of 40 min and an adsorbent dosage of 0.2 g/100 mL
were used while investigating the adsorption isotherm.

2.5. Adsorption Kinetics

The rate of the target pollutant uptake and the adsorption mechanism were investi-
gated using various kinetics models [69,70]. The pseudo-first-order (PFO), pseudo-second-
order (PSO) and intraparticle diffusion (IPD) models are the most widely used kinetic
models. During the kinetic study of MR adsorption onto RAB, the contact time was varied
from 20 to 60 min while maintaining the other independent variables at their respective
values of pH 6, an MR concentration of 70 mg/L and an adsorbent dosage of 0.2 g/100 mL.
Finally, the equations for the PFO, PSO, and IPD models are presented in Table 2 [61].

Table 2. Adsorption kinetics models.

Model Equation Parameters Equation Number
K1—PFO rate constant
in (g/(mg min)),
PFO Q= Qe(1 — e Kity t(min)—contact time )
Q; (mg/g)—adsorption capacity at
time t
L QKot Kp—PSO rate constant
PSO Qi = 1+Qelézt in (g/(mg min)) ©)

C (mg/g)—intercept
IPD Qe=Ky xt*5+C Ky(mg/(g min0'5> )—IPD )
rate constant

3. Results and Discussions
3.1. Adsorbent Characteristics
3.1.1. pH Point of Zero Charge
The pH of zero charges (pHpzc) is the pH value at which the surface density of cations,
or positive charges, equals the surface density of anions or negative charges. Its value is
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paramount since many adsorption processes depend highly on pH. As a result, the pHpzc
of the RAB was determined to be 6.2, as shown in Figure 3. This indicated that the surface
density of the adsorbent material is negatively and positively charged, above and below
the pH value of 6.2, respectively. Hence, anionic dyes like MR are significantly adsorbed
when the pH of the solution is less than 6.2. This pHpzc value is comparable with the
values reported by the same researchers for Rumex abyssinicus-based adsorbents, such as
pHpzc values of 7.9 [71], 5.03 [72], 6.9 [73], 5.1 [74] and 7.2 [75].

0.4

\I

-0.6

Figure 3. pH point of zero charge for RABO.

3.1.2. SEM Analysis

Figure 4 displays the RAB SEM image magnified 2000 times at a resolution of 10 pm.
The RAB appears in dark and bright colors, as shown in Figure 1. Throughout the car-
bonization process, Rumex abyssinicus undergoes breakdown, polycondensation, and
cyclization, which turn it into a material with a high carbon content. The SEM micrograph
shows that surface porosity and roughness developed on the char’s smooth surface. This
was explained by the carbon structure breaking down during pyrolysis at 500 °C. Funda-
mentally, biochar with holes, cavities, morphological cracks, pores and rough surfaces is
suitable for surface adsorption. As a result, the adsorption capacity and removal efficiency
of the target pollutant tend to increase [76-78].

Figure 4. SEM micrograph of Rumex abyssinicus-derived biochar.
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3.1.3. FTIR Analysis

The functional group composition of the adsorbent material was investigated using
FTIR along a wavelength range of 4000-400 cm !, as shown in Figure 5. The FTIR spectrum
of Rumex abyssinicus-based biochar reveals several prominent peaks corresponding to
specific functional groups. The peak at 3367 cm ™! indicates the presence of hydroxyl (OH)
groups, possibly associated with surface hydroxyls or hydroxylated aromatic structures.
Aliphatic C-H stretching vibrations are observed at 2922 cm~!, suggesting the presence
of aliphatic hydrocarbons. Carboxylic acid (COOH) functional groups are evident at
1190 cm~!, while the peak at 1417 cm~! signifies aromatic C=C stretching vibrations,
indicative of aromatic structures within the biochar. Additionally, the presence of C-O
stretching vibrations at 1560 cm~! suggests the presence of ether or ester functional groups,
while the peak at 580 cm~! corresponds to alkene (C=C) stretching vibrations, indicating
the presence of unsaturated hydrocarbons. Together, these functional groups contribute to
the diverse chemical properties of the biochar, potentially influencing its applications in
various fields [79].
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Figure 5. FTIR peaks for Rumex abyssinicus-derived biochar.

3.1.4. BET Analysis

The BET surface area of the adsorbent material was determined to be 45.8 m2/ g. This
surface area is lower than that reported for the same precursor material-based activated car-
bons. Precisely, BET-specific surface areas of 2522 m?2/ g [72],524 m?2/ g [73],962.3 m?/ g [74]
and 3619.7 m? /g [75] were reported in previous research. The significant decrease in the
surface area of the biochar compared to the activated carbons of the same material is
attributed to the absence of chemical activation. Normally, activated carbons have higher
surface areas than biochar because activated carbons are produced at elevated temperatures
and necessitate chemical treatments. However, a higher specific surface area alone does not
determine the quality of the adsorbent material since the surface morphologies and compo-
sition of functional groups are vital for adsorbent development. The specific surface area
of this adsorbent material is still higher than that of many unmodified biochars prepared
from biomass residue and lignocellulosic materials, with surface areas like 1.71 m?2/ g [80],
44.38 m?/g [81],17.65 m? /g, 20.9 m? /g [82], 9 m? /g [83] and 17.65 m? /g [84].

3.2. Effect of Operating Parameters
3.2.1. Effect of Contact Time

The contact time impacts the removal efficiency and capacity of pollutants to be
adsorbed onto the adsorbent materials. This study evaluates the impact of contact time
on the adsorption capacity and removal percentage when removing methyl red from
an aqueous solution using RAB. Different contact times were used, with a constant pH
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of 6, adsorbent dose of 0.2 g/100 mL, and initial methyl red concentration of 70 mg/L.
The removal process occurs in three stages: initial, intermediate, and equilibrium. The
initial stage involves rapid uptake due to a higher concentration gradient and increased
adsorption capacity. As the contact time increases, the concentration gradient driving
force and available active sites decrease, decreasing the adsorption rate and removal
percentage [85]. As shown in Figure 6, the equilibrium stage occurs at 40 min, with a
maximum removal percentage of 99%.

100 4 Effect of contact time
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Figure 6. Effect of contact time on MR removal efficiency at pH 6, an adsorbent dosage of 0.2 g/100 mL
and an initial dye concentration of 70 mg/L.

3.2.2. Impact of Initial MR Concentration

This study investigated the influence of the initial solution concentration on the uptake
of MR on RAB. The results showed a reduction in the MR percentage removal from 91.1 to
82.62% when the concentration of MR was increased from 50 to 100 mg/L, as depicted in
Figure 7. This is due to the high surface area and more unoccupied adsorption active sites
at the lowest solution concentration. However, there are limited active sites at higher initial
concentrations, resulting in a reduction in MR ion removal [86]. The study also found that
increasing the solution concentration increases the number of solute molecules dispersed
in the solution, allowing for toxic MR uptake onto the RAB surface.
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Figure 7. Effect of initial MR concentration on the dye removal efficiency at pH 6, a contact time of
40 min and an adsorbent dosage of 0.2 g/100 mL.

31



Water 2024, 16, 2237

3.2.3. Effect of Adsorbent Dosage

The adsorbent dose is crucial in adsorption studies as it affects the adsorbent-adsorbate
equilibrium. This study investigated the effect of the RAB dose on MR adsorption at pH 6,
a concentration of 70 mg/L, and a contact time of 40 min, as shown in Figure 8. The results
showed that increasing the RAB dose from 0.1 to 0.3 g/100 mL increased the MR adsorption
capacity from 28.3 to 33.79 mg/g. Under the same condition, the MR molecule percentage
removal increased with increasing the adsorbent dose from 82.4 to 96.46%. A maximum MR
adsorption removal of 98.56% and an adsorption capacity Qe of 34.5 mg/g were achieved
at an adsorbent dosage of 0.2 g/100 mL. The higher uptake at a low pH is attributed to
the strong attraction between the protonated surface of the RAB and the species of MR in
the solution. The optimum adsorbent dosage was 0.2 g; when the biosorbent dosage is
increased beyond this point, the adsorption capability decreases because fewer MR ions
occupy the active sites [87]. Additionally, the slight decrease in the removal efficiency
observed after a 0.20 mg/100 mL adsorbent dosage is likely due to the agglomeration of
adsorbent particles at higher dosages, which can block active sites and hinder mass transfer
rates. The dense packing of adsorbents on the surface of the adsorption medium also leads
to longer diffusion distances and reduced mass transfer rates, resulting in a decrease in the
removal efficiency [88].
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Figure 8. Effect of adsorbent dosage on MR removal efficiency at pH 6, a dye concentration of
70 mg/L, a contact time of 40 min and a temperature of 25 °C.

3.2.4. Effect of pH

This study investigated the effect of the initial solution pH on the adsorption of MR
ions onto RAB, as shown in Figure 9. The results show that the adsorption capacity and
percentage removal increase with increasing the pH from 3 to 6. However, a further increase
in pH from 6 to 9 decreased the removal efficiency and adsorption capacity. This is probably
due to the interaction effect among the operating parameters. A maximum MR adsorption
removal of 99.17% and adsorption capacity Qe of 40.9 mg/g were achieved at pH 6. The
MR uptake became high at a lower solution pH and decreased as the solution pH increased.
This is due to the strong attraction between the RAB adsorbent material’s protonated
surface and the MR species in the solution [87]. This study selected pH six as the optimum
MR uptake due to its highest removal efficiency. The removal efficiency of MR onto RAB
decreases at near-neutral and alkaline pH conditions due to the enhanced deprotonation
of acid functional groups (AFGs) on the biochar surface. This results in a greater negative
surface charge density (SCD), which repulses the methyl red molecules and reduces their
sorption onto the biochar. The decrease in sorption is attributed to the repulsive forces
between the negatively charged biochar surface and the negatively charged methyl red
molecules at higher pH values. Furthermore, the pHpzc of RAB was determined to be
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6.2, indicating that the surface charge of the adsorbent is dominated by negative charges
above a pH of 6.2. Hence, repulsive forces between negatively charged MR molecules and
negatively charged RAB above a pH of 6.2 resulted in a decrease in the removal efficiency
at near-neutral and alkaline pH conditions.
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Figure 9. Effect of pH on the MR removal efficiency at a contact time of 40 min, initial dye concentra-
tion of 70 mg/L, adsorbent dosage of 0.2 g/100 mL and temperature of 25 °C.

3.3. Adsorption Isotherm

The adsorption isotherm was investigated using Langmuir and Freundlich models,
as shown in Figures 10 and 11, respectively. The investigation of methyl red adsorption
onto Rumex abyssinicus-derived biochar using Langmuir and Freundlich isotherm models
reveals important insights. The Langmuir model suggests a maximum adsorption capacity
(Qmax) of 42.34 mg/g, favorable adsorption (RL < 1) and a good fit to the experimental
data (R? = 0.96), as shown in Table 3. Meanwhile, the Freundlich model also fits well
(R? = 0.99) and suggests a higher adsorption capacity (Kg) = 19.19 (mg/g)(mg/L)" and
a more heterogeneous adsorption surface (1/n = 0.266). However, the lower Reduced
Chi-Square value for the Freundlich model implies a better fit to the data compared to
the Langmuir model. Overall, both models provide valuable insights into the adsorption
process, with the Freundlich model potentially better capturing the complexities of the
system due to its lower Reduced Chi-Square value [89,90].
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Figure 10. Langmuir isotherm model for MR adsorption onto RAB at pH 6, a contact time of 60 min,
an adsorbent dosage of 0.4 g/100 mL and a temperature of 25 °C.
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Figure 11. Freundlich isotherm model for MR adsorption onto RAB at pH 6, a temperature of 25 °C,
an adsorbent dosage of 0.2 g/100 mL and a contact time of 60 min.

Table 3. Langmuir and Freundlich adsorption isotherm parameters.

Langmuir Isotherm Freundlich Isotherm

Omax =42.34mg/g K =19.19 (mg/g)(mg/L)"
RZ=0.96 R% =0.99
Ky, =0.359 L/mg 1/n=0.266
Reduced Chi-Sqr = 1.5 Reduced Chi-Sqr = 0.565

3.4. Adsorption Kinetics

The investigation of methyl red adsorption kinetics onto Rumex abyssinicus-derived
biochar reveals significant insights across multiple kinetic models. The kinetic parameters
associated with PFO, PSO, and IPD were determined from nonlinear plots of their respective
models, as shown in Figures 12-14, respectively. The pseudo-first-order model yielded a
rate constant (K;) of 0.018 min~! and an equilibrium adsorption capacity (Qe) of 39.74 mg/g,
exhibiting a good fit to the experimental data with an R? of 0.98 and a Reduced Chi-Square
value of 1.01. Meanwhile, the pseudo-second-order model demonstrated a higher rate
constant (K;) of 1.34 g/mg min and a slightly higher equilibrium adsorption capacity
(Qe = 41.86 mg/g), with a superior goodness of fit (R* = 0.99) and a lower Reduced Chi-
Square value of 0.57, as shown in Table 4. Additionally, the intraparticle diffusion model
revealed a diffusion rate constant (Kp) of 4.14 mg/g min® and a constant intercept (C) of
5.84 mg/g, indicating that while intraparticle diffusion contributes to the overall adsorption
process, it might not be the sole controlling mechanism. Overall, the pseudo-second-order
model seems to best describe the experimental data, suggesting that the adsorption of
methyl red onto Rumex abyssinicus-derived biochar involves chemisorption and further
indicating the complexity of the adsorption kinetics, which are potentially influenced by
multiple mechanisms [72,91].

Table 4. Values of parameters for PFO, PSO and IPD adsorption kinetics models.

PFO PSO IPD

K; =0.018 min~! K; =1.34 g/mg/min Kp = 4.14 mg/g min®?>
Q. =3974mg/g Q. =4186mg/g C=584mg/g
RZ =0.98 RZ =0.99 R% =0.96
Reduced Chi-Sqr = 1.01 Reduced Chi-Sqr = 0.57 Reduced Chi-Sqr =1.91
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Figure 12. PFO kinetic model for the adsorption of MR onto RAB at pH 6, an adsorbent dosage of
0.4 g/100 mL, a temperature of 25 °C and an initial MR concentration of 70 mg/L.
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Figure 13. PSO kinetics plot at an adsorbent dosage of 0.2 g/100 mL, dye concentration of 70 mg/L,
pH of 6 and temperature of 25 °C.
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Figure 14. IPD model for adsorption of MR from aqueous solution at pH 6, a dye concentration of
70 mg/L, an adsorbent dosage of 0.2 g/100 mL and a temperature of 25 °C.
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3.5. Comparative Analysis

The maximum adsorption capacity (42.34 mg/g) for MR adsorption from aqueous so-
lution obtained using RAB is compared with other biosorbents derived from lignocellulosic,
agricultural leftovers and woody materials. As a result, the findings of the comparison
with recent works in the literature indicated that RAB is superior in removing MR from
aqueous solution. This is probably due to the nature of the precursor material and the
affinity of the target pollutant towards forming an interaction with the adsorbent materials.
Hence, the prepared biochar can be taken as an alternative adsorbent for the removal of
reactive and persistent dyes like MR. Table 5 presents the findings of a literature search
where biosorbents prepared from different materials used to remove MR are compared
with this research.

Table 5. Comparative analysis of methyl red adsorption using biobased adsorbents.

Maximum Adsorption

S.N Precursor Materials . References
Capacity (mg/g)
1. Funnel seeds 26 [92]
2. Caraway seeds 28 [93]
3. Biogas plant waste 31 [47]
4, Moringa olifera 28.67 [94]
5. Rumex abyssinicus 42.34 Current work

3.6. Proposed Adsorption Mechanism

The conceptual illustration of the interaction between methyl red (MR) and the pro-
posed sorbent, based on the characterization and adsorption performance results, reveals
several key points, as shown in Figure 15. Firstly, the porous surface morphology of the
biochar provides ample surface area, enhancing the contact between dye molecules and the
sorbent, supported by a high BET surface area (45.8 m?/g). Secondly, various functional
groups on the biochar surface facilitate interaction between the adsorbent and the adsorbate.
Hydroxyl groups (-OH) can participate in hydrogen bonding with the functional groups of
methyl red molecules. Aliphatic hydrocarbons can contribute to hydrophobic interactions
with the hydrophobic regions of methyl red molecules. Carboxylic acid groups (-COOH)
can undergo ion-dipole interactions with the charged regions of methyl red molecules.
Aromatic carbon—carbon double bonds can engage in 77-77 interactions with the aromatic
rings of methyl red molecules. Additionally, the C-O groups may participate in hydrogen
bonding or other polar interactions with functional groups of methyl red. On the other
hand, alkene groups can contribute to hydrophobic interactions with the hydrophobic
regions of methyl red molecules. These functional groups collectively play a pivotal role in
the adsorption process of methyl red onto Rumex abyssinicus-based biochar, highlighting
the diverse chemical interactions involved in this adsorption mechanism. Finally, at pH 6,
the maximum removal efficiency of 99.2% suggests the significance of surface charge inter-
actions in the adsorption process [95]. Overall, the interaction between methyl red and the
proposed sorbent involves a combination of physical and chemical mechanisms, facilitated
by the surface morphology and functional groups of the biochar.

3.7. Scale-Up and Cost Implications, and Environmental Impact Assessment

Scaling up the production of biochar derived from Rumex abyssinicus stems for the
removal of methyl red from aqueous solutions needs a comprehensive analysis with sig-
nificant implications. For adsorbent preparation from Rumex abyssinicus biochar, only
4.64 Ethiopian birr (ETB) was utilized per 1 kg of the product. The total cost includes the
estimated costs for size reduction (2.29 ETB/kg) and thermal activation (2.65 ETB/kg).
Hence, leveraging the underutilized stems of Rumex abyssinicus as a raw material could
potentially provide a cost-effective and sustainable source for the adsorbent. However,
the scale-up process necessitates the careful consideration of factors such as an increased
production capacity, the efficient collection and processing of raw materials, and market
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demand. The estimated costs for size reduction and thermal activation are critical compo-
nents, with opportunities for cost optimization through process efficiency improvements.
Moreover, the environmental impacts, including resource utilization, energy consumption,
and waste generation, require a thorough assessment to ensure sustainability. Overall, a
comprehensive approach that integrates considerations of cost, scalability, and environmen-
tal sustainability is essential for realizing the full potential of biochar made from Rumex
abyssinicus as an effective adsorbent for methyl red removal on a larger scale.
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Figure 15. Methyl red adsorption mechanism onto Rumex abyssinicus biochar.

4. Conclusions

This study investigated the removal of methyl red from an aqueous solution using
biochar prepared from Rumex abyssinicus stem. Accordingly, the prepared adsorbent was
found to reveal characteristics of a 45.8 m? /g BET surface area composed of various func-
tional groups. Additionally, morphological studies showed irregular and heterogeneous
surfaces. The effects of various operating parameters such as the contact time, initial methyl
red concentration, biochar dosage and pH were investigated by varying the respective
parameters while holding the other parameters at constant values. As a result, a maximum
methyl red removal efficiency of 99.2% was attained at optimum treatment conditions of
pH 6, a contact time of 40 min, an initial dye concentration of 70 mg/L and an adsorbent
dosage of 0.2 mg/100 mL. The adsorption isotherm was investigated using Langmuir and
Freundlich isotherm models, in which the Freundlich isotherm with a maximum R? of 0.99
was determined to give a suitable description of the adsorption process. Additionally, a
pseudo-second-order kinetics model was found to express adsorption with an R? = 0.99.
In conclusion, it could be shown that Rumex abyssinicus-based biochar has the potential to
effectively remove persistent dyes like methyl red from wastewater.
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Abstract: Anaerobic digestion (AD) is a biological process that breaks down organic matter in the
absence of oxygen, producing biogas and nutrient-rich digestate. Various reactor designs and mixing
strategies are well-established in AD processes, each with their own advantages and benefits. The
presented study summarizes and investigates the state of the art of AD in domestic wastewater
treatment plants (WWTPs) in an Austrian alpine region, with a primary focus on finding similarities
among the most efficient plants regarding digester design, mixing approaches, and biogas production.
By combining surveys and detailed field studies in cooperation with 34 WWTPs, the study provides
a comprehensive overview of common AD practices, reactor shapes, and inherent mixing methods,
highlighting their potential regarding energetic efficiency and biogas production. The results of the
survey reveal qualitative trends in efficient AD design alongside detailed quantitative data derived
from the supervised in-field optimization studies. Notably, one of the studies demonstrated energetic
savings of 52% with no decrease in biogas production, achieved by transitioning from gas injection
to mechanical agitation. Redundant impeller-based overmixing was also practically investigated
and demonstrated in another field study. After optimization, the adaptations also resulted in energy
savings of 30%, still proving sufficient substrate mixing with biomethane potential analysis. In
conclusion, this research emphasizes the economic and environmental importance of energy-refined
practices and optimized processes while highlighting the sustainability of AD, particularly for large
domestic WWTPs but also for different comparable applications.

Keywords: anaerobic digestion; biogas; mixing; process design; wastewater

1. Introduction

The transition to renewable energy sources and the optimization of energy efficiency
in existing processes are becoming increasingly important due to the rising levels of green-
house gas emissions, namely carbon dioxide (CO;) [1]. Among today’s various green and
renewable methods, anaerobic digestion (AD) of organic matter represents a significant
and important energy source both because of environmental and economic reasons. Biogas,
the end product of the complex decomposition processes in AD, can be utilized in multiple
ways: it can be combusted onsite as a short-term energy source, refined and injected into
the gas grid, or used as an efficient long-term energy storage solution [2]. Consequently,
AD plays an increasingly important role in the context of climate-neutral energy manage-
ment. This is also reflected in the fact that AD is integrated in in almost every wastewater
treatment plant (WWTP). However, while certain AD designs and mixing strategies have
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been well-established within the AD context, the processes are often prone to inefficient
operation due to the difficulties in process monitoring. For evaluation of the AD process,
laboratory experiments, computer-aided simulations, and in-field experiments are promis-
ing tools to help in understanding and optimizing the individual AD processes [3-12].
However, besides these supportive tools, a pivotal share in efficient AD operation is often
contributed by the long-time experience of plant operators. Hence, to harness the full
potential of AD for energy transition, a comprehensive theoretical understanding of the
processes and parameters involved is as essential as the consideration and implementation
of practical recommendations provided by plant supervisors.

In detail, AD involves the generation of biogas from biodegradable substances within
large-scale reactors. AD requires a specific environment for the utilized microorganisms
and thorough mixing to ensure continuous and efficient biogas production [13]. The
resulting biogas typically consists of approximately 60% methane (CHy4), 40% CO,, and
small amounts of hydrogen (H;), sulfide, and other trace gasses [14]. Industrial large-
scale AD plants are capable of generating up to 5000 m® biogas per day [15-17], as also
presented within this study. The exothermic combustion of CHy converts it into energy
and less climate-damaging CO,, providing a dual benefit of energy recovery from organic
residues and reduced CH,4 emissions [18]. However, AD can also contribute to unwanted
CH4 emissions due to gas losses. While CH4 emissions may occur along the WWTPs, the
majority originate from the sludge line [19,20]. In preliminary studies to this work, CHy
emissions from an Austrian WWTP serving 260,000 population equivalents (PEs) were
estimated to be approximately 25 g CHy per PEs per year, accounting for over a quarter
of the plant’s emission footprint. Therefore, optimizing AD is necessary to maximize the
potential of organic waste disposal and energy recovery, thereby reducing greenhouse
gas emissions.

The fundamental operational design of AD towers is usually similar to continuously
operated and stirred large-scale bioreactors [21]. These continuous stirred tank reactors
(CSTRs) are simple and efficient in both design and operation, enabling continuous feeding
and withdrawal of digestate. CSTRs are well-suited for treating homogeneous substrates
and maintaining stable operating conditions. However, they require relatively long hy-
draulic retention times (HRTs) to achieve sufficient organic matter degradation [22]. Conse-
quently, volumetric biogas production rates are generally lower compared to other designs,
such as anaerobic sequencing batch reactors (ASBRs). Batch cycle-based AD systems, such
as ASBR, offer higher flexibility in feeding and substrate types [23,24]. While these systems
achieve high levels of organic matter removal and biogas production efficiency, they are
associated with higher energy requirements and more complex system control. Anaerobic
fixed film reactors (AFFRs) utilize fixed media (e.g., plastic or ceramic materials) to support
microbial growth, thereby increasing the surface area available for digestion [25]. AFFRs
have shorter HRT and higher organic loading rates compared to suspended growth sys-
tems but may become clogged or require periodic replacement. Up-flow anaerobic sludge
blanket (UASB) reactors employ dense sludge blankets to retain microbial biomass and
facilitate AD [26]. UASB reactors exhibit relatively high volumetric biogas production rates
and can tolerate high organic loading rates [27]. However, these reactors require a careful
control of influent characteristics and hydraulic conditions to prevent sludge washout or
stratification. Additionally, UASB reactors are sensitive to temperature fluctuations and
variations in substrate composition.

The geometric design of AD towers is influenced by technical, economic, and practical
considerations and aims to achieve efficient substrate digestion, biogas production, and
optimal system performance [7,28,29]. The structure of AD towers depends on several
factors, including specific design requirements, available space, and operational influencing
factors, resulting in significant variability in physical configurations [30]. Common AD
system designs typically employ vertical or horizontal cylindrical configurations due to
their high structural stability, simple construction, and efficient space utilization [7,31-33].
Vertical designs are prevalent due to their capacity and ease of access for maintenance,
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though this often requires specialized equipment. Horizontal designs are often partially
installed underground for thermal insulation. Cylindrical AD reactors usually feature a
conical tapering at the bottom to facilitate sludge removal [17]. Egg-shaped reactors are
also common in AD, most often combined with mechanical agitators or impellers inside
draft tubes [34-36]. More complex shapes, such as quadratic, rectangular, or spherical, are
less common due to distinct disadvantages [16,17]. Rectangular tanks, for example, allow
for a better utilization of construction space and simpler construction but suffer from con-
stricted hydrodynamics, creating dead zones and uneven flow distribution that necessitate
additional mixing equipment [37]. The corners are especially prone to decreased hydrody-
namics, resulting in low mixing and potentially unprocessed organic matter [38]. In some
designs, quadratic AD towers can be partitioned for multi-stage digestion processes [39].
Spherically designed AD towers, while less optimal for space utilization, offer excellent
volume-to-surface area ratios, promoting uniform temperature distribution and efficient
mixing [16,17]. Their structural integrity allows them to withstand internal pressures effec-
tively. Custom or hybrid designs combining elements of different geometric shapes could
be employed to meet specific site requirements and operational needs, though these are
associated with higher upfront and potential operational costs. For structural reasons, AD
towers are almost exclusively constructed of concrete [40]. To enhance operational control,
AD towers can be designed in pairs, which provides the possibility of serial or parallel
operation depending on the situation [41]. When possible, serial operation can increase gas
output; however, parallel operation may be beneficial when high amounts of substrate or
external influences (e.g., low temperature) are overloading one single AD tower.

AD systems encompass various technical processes, and the overall energy require-
ment for an AD tower arises from the sum of the individual operational units. The primary
energy-consuming aspects of AD operation include mixing, feedstock pumping, tempera-
ture control, and auxiliary processes such as monitoring and control equipment [16,42,43].
Maintaining proper feedstock pumping and recirculation, as well as mixing and agitation
within the AD tower, is crucial for supporting microbial activity, ensuring uniform sub-
strate distribution, and preventing solids settlement [6]. Besides mixing, AD processes are
temperature-sensitive, with optimal microbial activity occurring within a specific tempera-
ture range. Energy is required to maintain consistent temperatures, particularly in colder
climates or during cold seasons. The ideal temperature for AD depends on the specific types
of microorganisms involved in the process and the substrate [24,44,45]. AD is typically
operated within the mesophilic temperature range of 25 °C to 40 °C, which is most suitable
for a wide range of common anaerobic bacteria and archaea. Thermophilic AD (50 °C to
65 °C) accelerates the digestion process, resulting in faster degradation of organic matter
and higher biogas production rates compared to mesophilic digestion [22,46]. However,
thermophilic AD requires more energy for heating and is more sensitive to temperature
fluctuations. Psychrophilic AD operates at temperatures below 25 °C and is suitable for
certain low-temperature environments or feedstocks, though it has slower reaction rates
and lower biogas yields [47].

Optimizing mixing in AD is crucial for maintaining uniform conditions within the
reactor, enhancing biogas production through increased microbial activity, and, ideally,
decreasing energy demand [5,8,9,48,49]. Several approaches to improve mixing have been
investigated in recent studies and are applied in new well-planned AD systems. However,
implementation in existing AD systems is difficult since most systems are continuously
operated. Uninterrupted operation is often essential, and adjustments or maintenance are
associated with significant structural and economic challenges. Hydrodynamics and energy
demand for mixing can be assessed through experiments in existing plants, laboratory
trials, or numerical simulations [3-10]. The choice of mixing method, which significantly
impacts energy consumption, should be based on the substrate and AD tower geometry.
The energy consumption of the mixing stage can account for up to 50% of the overall energy
balance of an AD plant [50,51]. Each mixing approach offers individual advantages and
disadvantages dependent on the application and the AD design. Hence, various distinct
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mixing approaches are established for AD mixing [15-17,52]. The main mixing approaches
include pumped recirculation, mechanically induced mixing with an agitator or mixing
with an impeller inside a draft-tube, and gas injection-based designs [4,8,17,28,35,40,52].
Internal hydraulic mixing via pumped recirculation, the most fundamental approach, is
typically achieved using the inlet feed. In CSTR, the inlet feed supplies necessary nutrients
and manages the reactor concentration and temperature. Within the AD context, pumped
recirculation is primarily utilized for providing fresh substrate, enhancing sludge mixing,
and maintaining mesophilic temperature conditions within the reactor. Depending on
the fluid properties as well as the reactor design, a powerful sludge recirculation can be
sufficient for fluid intermixing throughout the reactors [35]. However, AD mixing that
relies solely on sludge recirculation is seldom and rather an exception. More commonly, a
combination of pumped recirculation and additional external mixing is applied. External
mixing methods in AD primarily involve mechanical agitation or gas-induced mixing. Me-
chanical mixing devices vary significantly in design. Multi-stage propeller devices induce
mixing near the mixing segments, breaking up solid clusters with increased shear [6], while
helical, slower-rotating devices provide more uniform and gentle mixing throughout the
reactor [43,53]. High agitation diameters are often preferred due to the increased mixing
associated with higher circumferential velocity but are linked to higher physical strain in
the devices. While higher shear forces improve sludge dewaterability, they can create a
non-ideal environment for sensitive microorganisms [6]. Especially in the context of large-
scale AD mixing, the thorough and often-cited studies of Wu et al. have demonstrated that
mechanical mixing offers the best ratio of mixing intensity to power consumption [3,54].
Besides large agitation devices, fast rotating impellers with a small diameters are also used
in combination with draft tubes to induce sludge mixing [35,55]. Although impeller mixing
inside draft tubes is a form of mechanical agitation, it is often considered a distinct mixing
approach. Impellers lift sludge through a draft tube from the bottom to the top of the
reactor, a method often employed in reactors with tapering bottoms, such as egg-shaped
geometries. Draft tube mixing with impellers in reactors with a wide bottom diameter
may lead to increased dead volumes near the wall regions [35]. However, when specifi-
cally designed and harmonized with the reactor geometry, circulation patterns can result
in energy-efficient and uniform mixing [34,36]. This effect is pronounced in egg-shaped
designs due to the curvature of the wall and can be further enhanced by aligning the sludge
recirculation inlet with the reactor wall curvature [35,36]. Besides mechanical mixing,
gas-induced mixing is another major approach in AD reactors. Given the anoxic conditions
necessary for biogas production, the induced gas is typically biogas, taken from within
the AD system [3,56,57]. High nozzle-driven velocities lift the gas to the top, resulting in
sludge mixing and a dispersion of solids and particle clusters. The energy required for
gas induction depends on factors such as AD tower height, sludge viscosity, and density.
However, gas nozzles are prone to fouling and require more maintenance compared to
mechanical agitators [58]. Mechanical agitation offers cost-effective and consistent mixing,
ensuring a uniform distribution of microorganisms and nutrients throughout the reac-
tor [16]. In contrast, gas-induced mixing is stated to provide aided microbiological activity
due to more thorough mixing, but is generally less uniform and has higher operational
costs [56,59]. This leads to a consideration of operating costs and the sufficiency of the
induced mixing.

To estimate mixing efficiency in existing systems or during the planning stages of
new plants, experimental tests on reference plants can help in predicting hydrodynamics.
Furthermore, computational fluid dynamics (CFD) modeling is a promising tool for opti-
mizing reactor design and mixing strategies, as it can predict flow patterns and identify
poorly mixed regions without implementing changes in the real plant [4,7,8,32,38,56,60,61].
Computer-aided simulations are also very useful for estimating the required mixing power
and energetic demand. The overall energy demand in AD towers can be reduced with
energy recovery systems such as heat exchangers to prevent energy losses [62]. Monitoring
and controlling operating variables like power consumption, rotational speed, and fluid
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velocities can optimize mixing efficiency in real-time. Overmixing, which is often applied
in good faith to ensure a sufficient distribution of components, can negatively impact
biogas production and overall plant efficiency. Depending on the substrate composition,
mixing too vigorously can lead to decreased biogas production [63]. Adjusting mixing
intensity through the rotational speed, mixing depth, and dynamic operation mode can
prevent overmixing and match the characteristics of the feedstock [51,64]. However, too
low and insufficient mixing is also counterproductive and can lead to decreased microbial
activity and the settlement of solids, reducing the usable volume and necessitating costly
cleanouts [65]. It can also cause short-circuit flows and dead zones, compromising CHy
yield and sludge digestion, resulting in undigested organic matter and therefore reduced
gas production. This is stated in a study showing that biogas can be trapped in low mixed
zones [66]. Since dynamic velocity control is often linked with operational difficulties,
intermittent mixing can be applied to control the induced amount of mixing. For individual
cases, intermittent mixing has been reported to reduce the energy demand for mixing by up
to 30% while still maintaining constant biogas production rates [51,67,68]. Regarding the
impact of intermittent mixing, it has been proven that different mixing intensities promote
different methogenesis. In detail, intermittent mixing results in a beneficial balance of
mixing-dependent acetotrophic and hydrogenotrophic methagonesis, leading to overall
increased microbial activity [69]. Subsequently, intermitted mixing is reported to both
reduce the energetic demand as well as improve biogas production when implemented
properly [51]. This results in a more economic AD operation with minimized potential
dead zones, promoted fluid circulation, and reduced energy waste.

All the mentioned mixing strategies and approaches in reactor design are common
and well-established in anaerobic AD towers. However, for today’s standards, some of the
static and conventional methods may be less efficient compared to modern, study-refined
techniques and mixing strategies. Specifically, unnecessary and avoidable overmixing,
which can be attributed to an inefficient operation of AD towers, must be critically examined
as it leads to increased costs and partially unutilized methane potential. To assess the
integral efficiency of AD systems, both the output in terms of gas quality and production
as well as the input in terms of operational costs, maintenance (e.g., evacuation to remove
sediments), and required investments need to be considered. In order to evaluate certain
trends in the complex AD framework, this study investigates a wide array of differently
designed AD towers in existing WWTPs in an alpine region in Austria. Both with a wide-
ranging questionnaire-based survey, as well as with direct cooperation with the WWTDPs,
a comprehensive summarization of AD data is collected and provided within this study.
The novel characteristics and distinguishing features of this study lie in the extensive data
collection achieved through a combined approach of in-depth field studies, surveys, and
the direct exchange of experience and information with plant operators, encompassing
a wide range of plant dimensions, reactor geometries, and mixing methods. Because of
the wide-spanning and thorough data from field investigations and experimental trials,
this work offers significant practical relevance and can serve as a basis and benchmark
for more in-depth analyses, such as numerical studies. In detail, AD specific data such
as plant characteristics, gas production, energy demand and additional advantages, and
disadvantages of specific plants and approaches are carefully summarized, curated, and
presented in an anonymous form, ensuring data protection. This study covers a wide range
of well-established and state-of-the-art reactor geometries, inherent mixing approaches,
sludge rates, and an overall scale of plants ranging from small local communities to larger
cities. The primary focus is to highlight similarities between efficient plants in order
to provide recommendations for either optimizing existing plants or for the planning
stage of new plants. By combining the conducted survey with supervised field studies
and laboratory analyses, the outcoming results offer valuable insights into the interplay
between mixing strategies and biogas production efficiency, with the decisive factor of
direct practical recommendations and feedback of plant operators. Besides qualitative
guidelines on efficient plant designs, the conducted field studies also underline the potential
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energetic savings of optimization studies. Thus, this study can be seen as a broad set of
recommendations for plant operators, applicable not only in the field of AD but also in
comparable technical processes where hydrodynamics and particularly complex large-scale
mixing tasks are important.

2. Materials and Methods
2.1. Operator Survey with AD-Specific Questionnaire

To evaluate AD processes in the studied WWTDPs, a specifically tailored questionnaire
was developed and employed to gather relevant integral data. Key aspects covered in the
questionnaire included geometric design, size (AD volume V sp) and dimensions, mixing
strategies, operational parameters, and fluid characteristics specific to the AD process.
Additionally, biogas production rates, energy requirements, and optional plant-specific
details were among the targeted aspects of inquiry. Since the survey responses highlighted
that the AD sludge volume and biogas rate fluctuate over time, operators were requested to
provide averaged AD volume and gas rate values that approximate the actual parameters
for plant classification. With a response rate of 76%, questionnaire data from 34 plants
were gathered and are presented in an anonymized form to ensure data privacy for the
individual plants included in this study. Within the 34 plants, additional and more detailed
field studies were conducted in cooperation with the plant operators. However, not all
returned questionnaires were fully completed, as some parameters, such as specific power
and energetic requirements, were not consistently monitored by all plant operators—or
they were subject to data protection regulations (e.g., specific geometric dimensions such
as diameter and height, as well as biogas utilization) and therefore cannot be published.
The detailed questions included the following:

Name

City

Structural information: amount of AD towers, AD volume (m?), geometric shape,
bottom geometry

Operational information: serial, parallel or dynamic control

Substrate information: %TS, organic dry matter (ODM), co-Substrate (yes/no)
Mixing information: Approach and required power and energetic demand

Biogas production (m?)
Energetic processing of the produced biogas

2.2. Investigation of AD Parameters with In-Depth Field Studies

In addition to the wide-ranging comprehensive data collection through the question-
naire, specific plants undergo detailed investigation and monitoring in this study. Energy,
biogas rate, and additional sludge-related data are collected through monitoring and ex-
perimental investigations. Biogas production is indicated with the CHy yield, which is the
amount of produced CHy given in normed cubic meters per year (a) (Nm3 CHy/a). The
performance of the digester is monitored with specific CH, productivity and expressed
with gas volume per day (d) and AD volume (Nm?® CHy/d m3). It reflects the efficiency in
producing CHy. The extent to which the organic material in the substrate is broken down
during the AD process is given with the percentage of degree of organic degradation (DOD).
The amount of organic material fed into the AD towers is defined as the organic loading rate
(OLR) and monitored as kilograms of ODM per AD volume per day (kg ODM/ m3 d). Itis
a crucial parameter for optimizing the digestion process and preventing overloading of the
digester. With the OLR and the AD volume, the overall annual amount of organic matter
(OM) can be derived and is expressed in kg ODM/a. Specific gas production (SGP) is
expressed using the CHy yield divided by the OM (Nm3 CH4/kg ODM). Regarding sludge
properties, key parameters such as sludge density p (kg m~2), dynamic viscosity 17 (Pas),
dry matter DM (%), and ODM are determined. ODM represents the dried organic portion
of substrate that is available for the microorganisms to decompose during the AD process,
crucial for biogas production and yield. Higher ODM levels generally indicate greater gas
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potential but require specific handling for mixing and logistics caused by specific rheology
(e.g., high viscosity of the sludge). ODM quantification involves drying and oxidizing the
substrate, with the resulting ODM calculated by subtracting the remaining inorganic mate-
rial from the dried sample. Parameters such as overall DM and total solids concentration
(%TS) are also important for sludge classification in AD, influencing gas production and
especially hydrodynamics. Finally, HRT (in d) indicates the duration that the substrate
remains in the digesters, is critical for determining the efficiency of the digestion process,
and was also collected for the individual plants.

2.3. Measurement of Biomethane and Residual Gas Potential

In the experimental setup focusing on mixing studies, both the biomethane potential
(BMP) and residual gas potential (RGP) were assessed as they represent key indicators in
the determination of AD efficiency. BMP indicates the maximum CHy yield achievable from
a specific organic substrate under complete anaerobic conditions, whereas RGP evaluates
the remaining biodegradability of partially pre-degraded samples containing unprocessed
organic matter [47,70,71]. BMP, RGP as well as SGP are usually given in normed cubic
meter per kg of ODM (Nm?® CH,/kg ODM) or per ton (t) ODM for large-scale applications
(Nm? CH4/t ODM). Conducted under controlled laboratory conditions, the assessments
involve placing digestate, supplemented with excess nutrients and microorganisms, into
laboratory reactors. The subsequent measurement of biogas production over a predefined
period occurs at an average mesophilic temperature (37 °C £ 1 °C). BMP determination
employs the state-of-the-art automatic methane potential test system (AMPTS) over a
21-day duration, while RGP is assessed using eudiometer tubes over 10 days (Figure 1).

Figure 1. Laboratory setup for evaluation of the RGP in specific sludge samples using eudiomet-
ric tubes.

To ensure the integrity of experimental evaluations, samples are extracted either from
the fresh substrate or the recirculation pipe, thereby mitigating potential falsification from
fresh substrate influence. Laboratory analysis includes determining the DM and ODM
content of these samples. Subsequently, 600 g of sludge undergo AD for 10 days at 37 °C,
with the produced gas collected, measured for volume, and filtered to remove CO; and
other trace gasses. Gas volumes are then standardized into norm-gas volumes (norm cubic
meter: Nm?) using Equation (1) (while V) represents the normed gas volume (Nm?), v
the measured gas volume (m3), p the measured pressure (Pa), pg the Norm-pressure of
101,300 Pa, pw vapor-pressure of 5622 Pa of water at 308.15 K, T the gas temperature of
308.15 K, and T the norm temperature of 273.15 K) [72]. This methodology enables the
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precise assessment of both BMP and RGP, providing valuable insights into both the AD
efficiency and mixing evaluation.

_y (p=prw)(To)
o=V po(T) W

2.4. Measurement of the Power Demand for Mixing

Within the detailed in-field experiments, the energy demand of 8 operational plants
was experimentally monitored using a Fluke Energy Logger 1732 v2.3. Three-phase current
voltage (V), current (I), apparent (S), reactive (Q), and active power (P) were measured.
Data post-processing was conducted using Fluke Energy Analyze Plus v3.11.2 software.
The energy demand of motor engines driving mechanical agitation, impellers, and gas-
inducing units was monitored continuously for up to 24 h. Additionally, the energy demand
of recirculation pumps was recorded. Measurements were taken at electric distribution
boards or directly at technical installations. Linear averaged active power was used for
comparing the energetic requirements of the plants. The specific power demand ¢ was
calculated using the required power demand P (W) and the overall AD volume Vp
(m3) according to Equation (2) and is a common indicator used to describe the required
volumetric power in W m~2 for the individual mixing approaches in relation to the AD
volume [36,69,73,74]. Additional information such as the associated mixing method and
origin of the data are described in the indices of @ (e.g., DMixing,Survey)- Moreover, energy
consumption trends over different operational periods are analyzed to identify potential
optimization opportunities. The collected data provides valuable insights into the energy
performance of AD systems, aiding in the development of energy-efficient designs and

operational strategies.
p

=
Vap

)

2.5. Comparison of Gas Injection and Mechanical Agitation in a Cylindrical AD Tower

To highlight differences in the applicability of gas injection and mechanical agitation
in cylindrical AD towers, both mixing approaches are investigated in detail in a real-life
situation in cooperation with Plant 1. Energetic demand and biogas production were moni-
tored after (Plant 1A) and before (Plant 1B) the conversion from gas injection to mechanical
agitation using a propeller-based design. The experimentally measured power demand
of the individual mixing approaches was compared to the overall gas composition and
production as well as to the SGP, considering the additional impact of season-dependent
variables such sludge composition and ODM.

2.6. Investigation of Impeller-Induced Draft Tube Mixing in an Egg-Shaped AD Tower

To highlight the hydrodynamic and energetic impact of additional impeller mixing,
coupled with pumped recirculation, a detailed investigation in cooperation with Plant 2 was
conducted. The study examined the plant’s performance both with and without additional
impeller-induced draft tube mixing. Throughout two distinct representative cases, both
power consumption and biogas production were monitored, providing comprehensive data
on the system’s efficiency before and after terminating impeller operation. Moreover, to
gauge the efficacy of the remaining pumped recirculation-induced mixing in isolation, BMP
was assessed in a laboratory setting for the used substrate and compared to the produced
gas of the AD towers. This allowed for an evaluation of whether mixing achieved solely
through recirculation mechanisms suffices for optimal biogas production.

3. Results
3.1. Data Evaluation of Survey and Field Studies

The results of the conducted survey and field studies were curated and presented in an
anonymized form, providing a plant and mixing specific summarization. The prevalence of
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different reactor designs and mixing approaches derived from the survey are summarized
in Table 1, along with their associated AD volume, operation mode, biogas production, and
required specific power for external mixing and internal pumped recirculation.

Table 1. Survey data set collected with an AD-specific questionnaire of 34 individual plants. Fre-
quency of reactor geometry and mixing approach are displayed in Figure 2.

ID Geometry Vol. AD1 Vol. AD2 Operation Mixing Biogas DMixing, Survey  PPumped Recirculation, Survey Y- Psurvey
) ) (m?) (m?) ) ) (Nm? d-1) (Wm-3) (Wm-3) (Wm-3)
1A Cylindrical 4600 4600 Serial M.A. 6160 0.4 45 49
1B Cylindrical 4600 4600 Parallel Gl 4600 6 4.2 10.2
2A Egg-shaped 2500 2500 Parallel PR. 5000 - 4.2 42
2B Egg-shaped 2500 2500 Parallel L 5000 12 42 54
3 Egg-shaped 2200 - Single AD M.A. 1073 14 15 29
4 Cylindrical 6000 6000 Parallel GIL 4027 19 1 29
5 Truncated 1400 - Single AD GL 431 36 32 638
cone
6 T“‘C’;;fed 400 400 Parallel PR. 342 - 5.6 5.6
7 Cylindrical 1400 - Single AD BIMA 307 - 1.6 1.6
8 Egg-shaped 1700 1700 Serial M.A. 1064 15 2.3 3.8
9 Cylindrical 500 200 Serial M.A. 53 - - -
10 Egg-shaped 1600 - Single AD I 938 0.9 2.0 29
11 Quadratic 440 440 Parallel G.L 100 - - -
12 Egg-shaped 2200 - Single AD M.A. 1486 1.6 22 3.8
13 Quadratic 560 560 Parallel G.L 236 1.9 2.5 4.4
14 Egg-shaped 760 - Single AD M.A. 628 25 41 6.6
15 Cylindrical 1750 - Single AD M.A. 1226 3.7 5.1 8.8
16 Cylindrical 1050 1050 Serial GIL 465 0.5 3.0 35
17 Quadratic 430 430 Parallel Gl 220 0.8 24 32
18 Egg-shaped 2200 - Single AD G.L 1134 - - -
19 Cylindrical 1200 - Single AD M.A. 510 - - -
20 Cylindrical 584 584 Parallel PR. 661 - 9.4 9.4
21 Egg-shaped 1200 - Single AD G.L 401 - - -
22 Rectangular 1215 1215 Parallel M.A. 697 3.0 2.5 55
23 Cylindrical 413 413 Serial Gl 400 1.0 15 25
24 Cylindrical 413 413 Parallel GL - - - -
25 Egg-shaped Il - Single AD PR. 840 - - -
26 Cylindrical 860 - Single AD PR. 345 - 19 19
27 Cylindrical 350 350 Parallel M.A. 150 1.8 4.2 6.0
28 Cylindrical 940 - Single AD PR. 207 - 8.0 8.0
29 Cylindrical 1200 - Single AD GL 1000 24 17 41
30 Cylindrical 1275 - Single AD GIL 540 7.1 2.6 9.7
31 Cylindrical 790 - Single AD PR. 248 - - -
32 Cylindrical 1700 - Single AD M.A. 1470 - - -
33 Cylindrical 1800 - Single AD Gl 669 0.7 2.0 2.7
34 Cylindrical 2200 - Single AD M.A. 1600 - 2.0 2.0

Note(s): "~ indicates missing provided data by the AD operators collected with questionnaire. Abbreviations: PR.:
pumped recirculation, M.A.: mechanical agitation, G.I.: gas-induced mixing, I.: impeller and draft tube.

A graphical summarization is displayed in Figure 2a,b for both the frequency of the
geometric reactor shape and the AD mixing approaches, respectively. It is noted that the
majority of the investigated plants (55%) employ a cylindrical-based reactor geometry.
While evaluating the investigated cylindrical AD towers in this manuscript and in the
recent literature, no specific recommended diameter-height ratio can be generalized, but
in general AD towers tend to be designed vertically with a larger height than diameter.
Besides the simple and well-tested cylindrical shapes, egg-shaped AD designs (26%) were
also common and widely used as the state-of-the-art in AD design within this study. While
again no specific ratio in geometry is widely applied, most egg-shaped reactors are used in
combination with draft tube mixing or aligned inlet configuration [3,35]. Quadratic (9%)
and rectangular tanks (3%) are more commonly utilized for smaller AD volumes. While
truncated cone geometries (7%) relate to a distinct tapered reactor design, most cylindrical
AD towers also offer a tapered contour at the bottom to decrease dead zones.
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Figure 2. Approaches in state-of-the-art AD design for reactor design (a) and mixing (b).

(b)

Regarding mixing, the frequency of the most common approaches is highlighted in
Figure 2b. Mechanical agitation as well as gas injection in conjunction with additional
pumped recirculation are the most prominent mixing approaches with 35% and 39%,
respectively. While impeller mixing with draft tubes, in general, is a well-established
approach [35,36,75], it was less commonly observed in the investigated geographic area of
WWTPs, with only two plants employing this approach within this study. Furthermore,
within this study, one of the two plants employing draft tube mixing in combination with an
impeller terminated its operation to assess its impact on overall mixing. Notably, one of the
investigated plants was using a sophisticated biogas-induced mixing arrangement (BIMA).
While BIMA is similar to gas-induced mixing methods, no additional energy is required
for gas pumping, since the intermixing of the sludge is achieved solely with the pressure
formed during the AD process. Both the serial and parallel modes of operation for two or
more AD towers are common depending on both the substrate and operational properties.
The possibility of dynamic operation was underlined as an important consideration in the
overall design of AD plants by direct feedback in the field studies.

The curation of energetic data has highlighted that most energy is required in the
pumped recirculation, followed by the internal mixing approaches. The pumped recircula-
tion is used for pumping of the feedstock, temperature control, and also for mixing. As
displayed in Figure 3, for 20 of 26 plants that have provided energetic information, the
specific energy required for recirculation is higher than for the internal mixing approach.

This is related to the rheology of the sludge as well as to maintaining a certain substrate
level and mesophilic temperature inside the AD towers. Regarding the specific power of
internal mixing, gas injection and mechanical agitation do not show a specific trend that
can be linked to the AD volume or to the mixing method itself. It has to be noted that,
especially with gas-induced mixing, plant operators have stated a tendency to using an
intermittent operation of the gas injection in order to save energy. In particular, the detailed
investigation of Plant 1 shows a severe reduction in energetic demand after the transition
to the more cost-effective mechanical agitation (1A), as compared to the prior utilized gas
injection (1B). It is also highlighted that the rather seldom-used rectangular and especially
quadratic-shaped AD towers are predominantly used in combination with gas-induced
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mixing and a lower AD volume. This is reasoned with a better applicability of gas-inducing
segments at the bottom of the AD towers. Specifically, the corners in the square geometry
can lead to increased dead zones, which are particularly poorly mixed, especially with
mechanical agitators. The more detailed data gathered in the field studies conducted in
cooperation with plant operators are summarized in Table 2.
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Figure 3. Breakdown of specific power demand for the individual plants required for pumped

recirculation (a), additional external mixing (b), and the sum of both if a combined approach is
used (c). Plants 24, 6, 7, 20, 26, 28, and 34 are exclusively mixed with pumped recirculation.

The AD temperature (Tap), HRT, OLR, DOD, and RGP are displayed for the individual
plants. It is shown that all plants are within the mesophilic temperature range. Plant 8
and Plant 5 show the lowest RGP while also having the highest HRT. In comparison to
energetic data provided by the plant operators in Table 1, Table 2 shows small deviations
in the experimentally measured required power. The deviations as well as the DOD are
displayed in Figure 4. In addition to determining the DOD of the organic dry matter, the
RGP of the digested sludge derived from the field studies in cooperation with the different
plants is highlighted in Figure 5. The RGP indicates how much biogas can still be produced
after further incubation of the partially digested sludge and can be seen as a measure of
the remaining degradable substances in the sludge (thus, the degree of stabilization). The
investigated RGP values generally ranged between 50 and 80 Nm® CH,4/t ODM. In this
range, similar to the case of DOD rates, no correlation between the mixing energy input
and the RGP was observed. At Plant 8, a significantly lower RGP is documented compared

52



Water 2024, 16, 2205

to the other plants. Besides Plant 5 with a single AD, Plant 1 also showed a lower RGP.
These digesters were also operated in serial mode at the time of sampling, but periodically
switched to parallel operation due to foaming problems. The sludge age at Plant 1 was
also significantly lower compared to Plant 8 at the time of sampling for RGP determination.
These data suggest that serial operation with a sufficiently high sludge age can lead to
optimal degradation results.

Table 2. Data set collected during field studies in cooperation with individual plant operators. RGP is
derived from laboratory experiments. Required specific power demand is determined experimentally
using a Fluke Energy Logger 1732 v2.3 and may deviate from survey-collected data displayed in
Table 1.

ID AD VOl Type Geometry Mixing TAD HRT OLR DOD RGP (DMixing FE ¢Pumped Recirculation FE. Z®EE.
(kg (Nm?®
) ) (m®) ) ) ) “O (d) ODM/ (%) CH,/t (Wm-3) (Wm-3) (Wm-3)
m? d) ODM)
AD1 4600 k . . - 0.7 4.1 4.8
1A AD?2 4600 Serial Cylindrical M.A. 37 24 2.3 67 57 + 3.0 0.7 49 5.8
AD1 4600 . . - 6 4.1 10.1
1B AD?2 4600 Parallel Cylindrical Gl 37 25 1.9 55 ] 6 43 103
AD1 2500 76 + 5.6 - 2.9 2.9
2A AD2 2500 Parallel Egg-shaped PR 39 22 2.1 69 80+ 15 ~ 29 29
AD1 2500 - 12 29 4.1
2B AD?2 2500 Parallel Egg-shaped 1. 39 22 - - ] 12 29 41
3 AD1 2200 Si‘lg)le Egg-shaped ~ M.A. 34 31 1 53 84428 17 15 32
AD1 6000 . . 61+0.8 1.9 1.1 3.0
4 AD2  opp  Farallel  Cylindrical — GI. 36 34 14 63 65+ 1.7 1.9 0.8 2.7
5 AD1 1400  Ongle Truncated GIL 39 49 11 59 48424 5.0 32 82
AD cone
AD1 400 Truncated 60+ 14 - 4.7 47
6 AD?2 400 Parallel cone PR 40 28 14 59 58+ 22 _ 6.4 6.4
7 AD1 1400 Slglg)l € Cylindrical BIMA 39 39 1 61 63+ 1.6 - 3.5 3.5
AD1 1700 k - 1.6 2.3 3.9
8 AD 2 1700 Serial Egg-Shaped M.A. 39 39 2.3 71 2 +15 15 23 38

Note(s): '-* indicates missing provided data by the AD operators collected. Abbreviations: P.R.: pumped
recirculation, M.A.: mechanical agitation, G.I: gas-induced mixing, FE.: derived from field experiments, I.:
impeller and draft tube.
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Figure 4. Comparison of the power rating provided by plant operators and of the measured in-field
power demand using a Fluke Energy Logger 1732 v2.3. DOD is also highlighted for the specific
AD towers.
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Figure 5. Comparison of specific power demand required for mixing and recirculation using exper-
imentally determined data displayed in Table 2. RGP is additionally displayed for individual AD
towers. Note that for serial operation mode, RGP is only given for final AD stage.

3.2. Field Comparison of Gas Injection and Mechanical Agitation in a Cylindrical AD

To assess the suitability of different mixing approaches, specifically regarding the
power consumption, energetic demand, and biogas production, Plant 1 was investigated
both during operation with mechanical agitation and previously with gas-induced mixing.
To determine the required energetic demand, recorded energy data after transitioning to
mechanical agitation (1A) were compared to the energetic data of the previous gas injection
method (1B). Table 3 illustrates that the energetic demand in Plant 1 was significantly
higher when using gas-injected mixing compared to mechanical agitation. Additionally, the
comparison of biogas production rates revealed a notable difference after the conversion to
mechanical agitation.

Table 3. Detailed data of in-depth field study regarding transition from gas injection to mechanical
agitation in cooperation with Plant 1.

Unit Case A (Mechanical Agitation) Case B (Gas Injection)
AD volume (md) 8552 8217
HRT (d) 24 25
Tap (°Q) 37 37
OLR (kg ODM/m? d) 2.3 1.9
oM (kg ODM/a) 7,179,404 5,698,489
DOD (%) 56 55
CH4 concentration (%) 60 60
CH, yield (Nm3/a) 2,248,200 1,680,250
CH, productivity (Nm3/m? d) 0.72 0.56
SGP (Nm® CH4/kg ODM) 0.313 0.295
Energy demand of external mixing (MWh/a) 30 485

Note(s): Case A and case B data are derived from 2 years after and 2 before after the transition from gas injection
to mechanical agitation, respectively.

In detail, the conducted transition increased the CHy yield by 33.8% while reducing the
required energy demand for external mixing by 93.79%. However, it is crucial to note that
the associated AD volume, OLR, and CHy productivity were also higher under mechanical
agitation conditions (case A). Therefore, for the comparison of biogas, the SGP should be
considered. Furthermore, measurement insecurity, especially in large-scale applications,

54



Water 2024, 16, 2205

need to be considered. Nevertheless, energy-related findings hold huge potential for
optimizing energy consumption in similar plant setups.

3.3. Field Study Regarding Impact of Impeller Mixing in an Egg-Shaped AD

Evaluation of the survey has indicated that the utilization of impeller mixing within a
draft tube is relatively uncommon within the investigated region. Further investigation and
exchange of the experience with plant operators has revealed that impeller mixing is indeed
less favored due to mechanical abrasion associated with the high velocities generated
by small-diameter impellers and solids in the sludge. Additionally, the intense shear
forces within the draft tube can lead to foam formation, thereby reducing gas efficiency.
The hydrodynamics of impeller mixing necessitate specific reactor geometries, such as a
truncated cone or egg-shaped designs, to enhance mixing due to the vertical circulation
flow fields [34,35]. The long-term study of impeller operation inside a draft tube within
this study has highlighted the disadvantages regarding mechanical durability. The high
rotational speed associated with impeller mixing leads to pronounced abrasive effects
that potentially damage the impeller blades, especially in comparison to slow rotating
mechanical agitators with a larger diameter. It was observed that the mechanical stress on
the impeller, caused by solids within the AD tower, resulted in severe abrasive effects on
the impeller geometry. Subsequently, the maintenance and repair of the mixing equipment
represent substantial costs and prolonged downtime for the AD tower.

To examine the necessity of additional impeller mixing, a detailed investigation was
conducted at Plant 2 to assess the potential issue of overmixing. As demonstrated in
Table 2 (data of 2A and 2B), the required specific power for mixing ) ®rp decreased per
AD from 4.1 Wm ™2 to 29 W m~3 due to the termination of the additional impeller mixing
through a draft tube. This results in a short-term reduction in the required mixing power
demand of approximately 30%. The monitored biogas remained constant before and after
the transition, with no significant fluctuations throughout the period of one year. The
SGP provided by the plant was 445 Nm?® CH,/t ODM. To ensure the sufficiency of the
AD mixing induced solely via pumped recirculation, the BMP determined in laboratory
experiments compared to the plant’s gas production is displayed in Figure 6. Evaluation of
the gas production from the AD mixed solely with recirculation is displayed for 11 samples
that were taken over a span of 16 weeks and digested under ideal laboratory conditions to
estimate the BMP. Fluctuations in the samples, as highlighted in Figure 6, are attributed to
a less ideal intermixing of primary and excess sludge when the samples were taken.
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Figure 6. Laboratory evaluation of the BMP and SGP for Plant 2 after termination of impeller mixing.

The comparison shows good agreement between the BMP derived through the ideal
lab-scale AD (avg. laboratory BMP = 456 Nm?® CHy/t ODM) and the SGP of the real
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AD towers (SGP of Plant 2A = 445 Nm?® CH,/t ODM). Small deviations between the gas
potentials highlight sufficient intermixing and thorough processing of the organic matter.
Regarding biogas production, sludge mixing based solely on recirculation was proven
to be sufficient, and additional impeller mixing was deemed unneeded for this specific
case. Regarding settlement and the long-term maintenance of the AD towers, the ongoing
study did not reveal significant alterations in the hydrodynamic behavior of solid particles
within the investigated period. The available AD volume is regularly determined using
tracer-based tests. As highlighted in Figure 7, the available AD volume is shown for specific
time points before and after impeller shutdown, as well as after complete AD evacuation.
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Figure 7. Investigation of sediment behavior after impeller termination. While no significant change
in available AD volume was detected while terminating impeller, complete regeneration of AD
volume is shown after complete sediment evacuation.

The results indicate that the steady and continuous decrease in usable AD volume was
not impacted significantly by the termination of the impeller. These findings suggest that
overmixing mitigation strategies, such as terminating the draft tube, can effectively reduce
energy demand without adversely affecting biogas production or the hydrodynamics.
The results of this in-field study highlight the potential benefits of re-evaluating mixing
strategies in WWTPs to optimize both operational efficiency and cost-effectiveness. Further
research is warranted to generalize these findings across different plant configurations and
operational conditions as well as to assess the long-term implications on system perfor-
mance and maintenance. Therefore, the investigated plant has terminated the impeller
mixing and solely relies on a pumped recirculation after the hydrodynamics and potential
overmixing were highlighted.

4. Discussion

The results of the field investigations and survey-based AD studies highlight that while
there is a general trend in geometric AD designs and mixing approaches, the operational
strategies of most plants investigated in this study rely on individual operators” expertise
and manual intervention when specific parameters change during the AD process. While
the structural AD design of new plants—regarding the overall volume, shape, and operation
mode—is generally based on existing reference plants with a similar PE, the task of digester
mixing is often outsourced and planned by external parties. Despite the proven significance
of dynamic operation (e.g., intermittent mixing) in several studies [43,67,68,76,77], the
majority of the implemented mixing approaches of the investigated plants are designed
statically for one single operating point, providing limited flexibility to adapt to changing
process properties. This leads to a less ideal harmonization of the mixing approach with
the constantly changing operational conditions of the specific plants and subsequently to
either overmixing or insufficient mixing. While the specific design of AD has been the
subject of many scientific optimization studies [8,12,49,76,78,79], practical AD design and
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operation are often constricted on the operators’ experience and prevailing habits. This can
lead to black-box thinking and subsequently inefficient operation and increased expenses,
as stated by the operators of several of the investigated plants.

Regarding the structural design of AD, this survey-based study has highlighted a
predominance in cylindrical design followed by egg-shaped AD towers. This is reasoned
with less ideal hydrodynamics or space efficiency when using rectangular or spherical
AD designs, respectively. Scientific investigations regarding optimized hydrodynamics
in the context of AD also show a predominantly preferred utilization of cylindrical AD
geometries [7,17,32,33,53,80]. The cylindrical shape is favored because of simple construc-
tion, good hydrodynamics, and reasonable space utilization. Deeper analyses of scientific
publications in recent decades have also shown a continuous growth in publications re-
garding egg-shaped AD designs [17,31,34-36,81,82]. This is due to the fact that the curved
geometry offers a promising investigation template when harmonized with specific mix-
ing approaches and feedstock inlet configurations [34,35]. The pumped recirculation can
especially offer a beneficial impact on hydrodynamics when properly aligned with the
reactors’ curvature.

As highlighted both in the study results and in feedback by the plant operators,
the possibility of a dynamic operation of multiple AD towers can significantly help to
increase the overall system efficiency by enabling targeted responses to changes in fluid
properties or external influences on the AD process. The serial mode of operation is stated
to lead to a higher gas production rate by providing different and specifically tailored
environmental conditions in each tower [41,43]. The resulting optimized activity of specific
microorganisms at different stages of digestion has a beneficial impact on the gas rate.
However, the first-stage digester needs to be capable of handling the amount of substrate.
According to the feedback of the AD operators, cold temperatures combined with high
amounts of co-substrate can result in foaming layers, decreasing the efficiency of AD towers
by inhibiting gas release and disrupting the microbial community. Parallel operation is
favored when processing large amounts of sludge or different types of substrate that require
individual mixing strategies [83].

Regarding mixing, gas injection and mechanical agitation are demonstrated to be
the most frequently implemented approaches according to the survey (Figure 2b). This is
consistent with the trend observed in scientific studies, which report an increased frequency
of 62% for mechanical agitation and 19% for both gas injection and pumped recirculation,
as summarized by Caillet et al. [12]. According to Table 1, the sum of the specific power
Y_Psurvey required for pumped recirculation and optional additional mixing spans from
1.6 Wm™3 to 10.2 W m~3, with the share of Ppumped Recirculation Peing higher than Pyjixing
for 20 of 34 plants. Therefore, the investigated plants are in the range of the general recom-
mendation of the United States Environmental Protection Agency [74], with 5-8 W m~3
for digester mixing, which is often cited in studies addressing AD mixing [36,69,73]. How-
ever, this recommendation does not account for fluid properties (e.g., non-Newtonian
behavior) or the digester design. In particular, the comprehensive studies of Wu et al. [3]
report similar ranges in specific power, with 411 Wm=3,5.0 Wm~3, and 59 W m 3 for
mechanical mixing, gas-induced mixing, and a pumped recirculation, respectively. Regard-
ing draft tube mixing, similar values are reported between approximately 4 W m~3 and
12 W m 3 [55,75,84]. The inserted specific power significantly relies on the basic AD design
and fluid properties. Lower values are also reported as sufficient for mixing in specific cases
without compromising hydrodynamics, as shown by Grazia Leonzio [85] with 1.9 W m 3 to
2.7 W m~3 exclusively using a pumped recirculation, Xinxin et al. [86] with 0.5 W m~3 and
Oates et al. [7] with 0.3 W m ™~ for mechanical agitation, or by Dapelo and Bridgeman [58]
with 1 W m~3 for gas-induced mixing. However, certain process variables can have a
drastic impact on the calculated specific power, as exemplified in the studies of Soroush
et al. [80] using 50 W m~2 due to a relatively low AD volume and Li et al. [56], reporting
ranges from 21 to 131 W m~2 due to very high %TS concentrations. This underlines the
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fact that the recommendation of 5-8 W m 2 is only a rough guideline, and individual AD
specific consideration of the induced specific mixing power is highly important.

It was noted that some of the provided energetic data of the answered surveys deviates
from the experimentally measured energetic demands derived from the field studies, as
highlighted in Figure 4. This can be mainly attributed to the fact that the plant operators
provide annual averaged data, while the experimental measurements were conducted for a
maximum of 24 h.

Direct contact with the surveyed plants has revealed that there is a tendency to tran-
sition from gas-inducing methods to mechanical agitation due to a potential decrease in
maintenance and operational costs. This was furthermore reasoned with a better dynamic
control regarding changing sludge properties and hydrodynamics. This, however, neces-
sitates the implementation of dynamic motor control for the respective mixing approach
to specifically adapt to the continuously changing operational conditions and, therefore,
prevents insufficient or too-intense mixing. The comparison between gas mixing and
mechanical mixing is also a continuously debated topic in scientific studies [11,12,87]. Most
plants investigated rely on static speed control, especially when operating mechanical
agitation devices. Retrofitting a dynamic control of the rotational speed is often not possible
because of static gear shifts. Therefore, the exclusive implementation of a new dynamic
mixing strategy is often associated with problematic downtimes and high expenses. Static
motor controls usually only allow for changing the direction of rotation, which is useful
for preventing clogging of the rotating stirring devices. Dynamic regulation of the rota-
tional speed would allow for optimizing the induced mixing depending on changes in
the substrate or reactor volume. It was noted that when a dynamic velocity control is not
possible, plant operators tend to implement intermittent mixing as also implemented in
several optimization studies [51,67,68,77]. The short-term result is a decrease in operational
costs due to lower required mixing power, but it also can increase the biogas production,
since different bacteria show specific microbial activity at certain mixing intensities. The
potential negative effects of overmixing were also proven in laboratory experiments in
previous studies [51,64,88].

Within this study, inefficient mixing was investigated and subsequently confirmed
for two individual cases. Changes in the mixing stage were implemented for Plants 1
and 2 during the field study. As presented in Table 3, the transition from gas injection
to mechanical agitation decreased the required energetic demand for external mixing by
almost 94%. The specific mixing power required for gas injection before the transition
is documented in Table 1 with @Pujixing, survey = 6 W m~3. This is consistent with the
aforementioned typical values recommended for thorough digester mixing [3,69,73,74]. The
combined required specific power demand of mixing and pumped recirculation ) Pgyvey is
subsequently reduced by 52% from 10.2 W m~3 to 4.9 W m~3. At the same time, according
to the data in Table 3, gas production was also affected. The gas production between
both cases increased significantly from 1,680,250 m? to 2,248,200 m? for case A. However,
both the OLR and the AD volume were higher in case A, with 2.3 kg ODM/m3 d and
8552 m3 compared to 1.9 kg ODM/m?3 d and 8217 m? in the previous case B. Even after
considering the change in OLR and AD volume, this still results in a slightly increased
SGP of 0.313 Nm?® CH;/kg ODM for case A compared to 0.295 Nm?® CH,/kg ODM for
case B. The comparison of the associated SGPs shows good accordance with values found
in the literature ranging between 0.1 and 0.5 Nm® CH4/kg ODM [89,90]. Although an
increase in gas production can be derived from the data, it is necessary to critically assess
this due to large-scale measurements and associated uncertainties in the determination of
gas parameters. However, the transition from gas injection to mechanical agitation, which
subsequently decreased the required energetic demand, definitely did not impact the gas
production negatively. This indicates that for this specific case, the gas injection additional
to the pumped recirculation was unneeded and a mechanical agitator with lower power
consumption was sufficient. Therefore, it can be stated that the efficiency of the plant was
significantly increased.
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For Plant 2, the redundancy of impeller mixing inside the egg-shaped reactors was
confirmed by the field experiments, since the used pumped recirculation was demonstrated
to be sufficient for complete digestion of the organic matter without increasing RGP values.
According to Table 2, the specific power demand ) ®gp between cases 2A and 2B was
reduced by 30% by terminating the impeller-induced mixing. The ®pymped Recirculation EE.
of 2.9 W m~3, again, in the common range associated with specific power required for
pumped recirculation, is demonstrated to be sufficient according to the absence of observed
changes in biogas production, as indicated by the BMP comparison of ideally processed
substrate derived from laboratory BMP trials with the monitored SGP of Plant 2A (Figure 6).
Notably, the comparison of the SGP of Plant 2A, employing only pumped recirculation,
with the BMP derived under ideal conditions shows nearly identical values (avg. laboratory
BMP = 456 Nm?® CH,/t ODM, SGP of 2A = 445 Nm>® CH,4/t ODM). This indicates a very
efficient AD as compared to common values found in the literature, where the SGP is
usually only 85-95% of the BMP [71,91]. The range is also very comparable to common
BMP values, which are strongly dependent on the used sludge composition [92-96]. While
impeller mixing has been reported to be efficient, especially in combination with curved
egg-shaped geometries [35,36], the presented results demonstrate that for this individual
case with pumped recirculation, additional mixing is deemed as redundant. Therefore,
the plant’s operators ultimately decided to terminate the impeller-induced mixing and
since then only rely on mixing through pumped recirculation. The efficiency of mixing
with pumped recirculation could further be improved by a reduction in dead zones by
dynamically changing the position of the suction of the sludge intake and occasional
drainage of the bottom sludge [35,36,81].

The optimization of the mixing stage was successful in both cases, leading to the
assumption that there is much more potential for optimizing each of the remaining plants.
However, AD in domestic WWTPs is a continuous process that is very difficult to shut
down, especially if plant operators run on full capacity and do not have the opportunity to
temporarily terminate one of multiple available digesters. This underlines the importance
of careful planning when designing new AD towers or implementing changes in existing
plants. In particular, a dynamic control of the mixing approach [43,67,68,76,77] as well as
the possibility to easily switch between parallel and serial operation modes [41,43] was a
reoccurring recommendation by the plant operators in the direct exchange of know-how
and operational experience. The possibility of dynamic process control by manipulating
mixing variables can improve the plant’s efficiency and prevent overmixing. While no
correlation between the mixing approach and RGP was proven, the operation mode seems
to impact the overall RGP. When using serial operation, each AD tower can be tailored
specifically to the requirements for optimal AD and gas production. Particularly, Plant 8
showed a decreased RGP when operated in serial. The reduction in RGP is substantial
both for the plants efficiency and sustainability in operation, since both CO, and CH, are
greenhouse gases.

In summary, the investigations and the direct contact with AD operators have revealed
that while AD operation and mixing are extensively studied in scientific research, there
remains a stigma around overmixing AD towers, which leads to the acceptance of disadvan-
tageous results, such as higher operational costs or decreased microbial activity [51,63,64].
This is related to the fact that most of the time there is no possibility to monitor the mixing
of opaque sludge in optically non-accessible AD towers. While real-time mixing monitoring
is possible at laboratory scales with sophisticated measurement approaches [5,10,97] which
are not practical for constant real-scale live-monitoring, the implementation of a simple
dynamic mixing control would be sufficient to enable the possibility of alternating the
mixing intensity by simultaneously evaluating the gas production and process-related AD
phenomena such as foaming, sedimentation, and RGP. On the basis of Plant A and B, it was
shown that even little changes in the mixing stage can drastically decrease energy require-
ments and subsequently increase the plants’ energetic efficiency. This, however, requires
individual consideration of the investigated plants” design and operation conditions. In
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general, cylindrical shapes are favored because of their simplicity in both operation and
construction [31-33]. Coupled with dynamic internal pumped recirculation and also an
additional dynamic mechanical agitation, the complex mixing process can be adapted to
changing process or fluid properties if necessary. Depending on the volume and space,
a parallel or serial AD setup can increase capacity or gas production [41,43]. The final
determination of the optimal mixing intensity remains a crucial objective, which can be
achieved through the implementation of dynamic mixing control, which subsequently
helps to reduce costs and minimize the potential for residual gas.

5. Conclusions

The presented combined evaluation of AD plants using surveys and field studies pro-
vides a comprehensive summary of the state-of-the-art in AD design and mixing strategies,
and it highlights potential optimization points for similar existing systems and comparable
technical applications. It was highlighted that besides cylindrical reactor geometries, the
variable operation of two or more AD towers with a dynamic mixing strategy is the most
favored approach within the investigated region. Regarding mixing, a tendency towards
mechanical agitation was noticed, which is related to better control, lower operational costs,
and easier maintenance compared to gas injection and especially impeller-driven draft tube
mixing. Two specific field studies demonstrated practically that AD systems might often
be operated in a habit-driven and potentially inefficient manner by evaluating induced
mixing and optimizing it regarding energetic demand and gas-related efficiency. In both
cases, the operational power demands for mixing were reduced by 52% and 30%, respec-
tively. Besides plant-specific optimization, the survey, and especially the direct contact
with plant operators, highlighted which AD designs are frequently used and identified
common operational problems. Furthermore, prevention methods and practical recom-
mendations for common AD phenomena are presented. It is notable that the inefficient
operation of AD most often contributed to difficulties in the process monitoring, especially
regarding the hydrodynamics. Therefore, there is significant potential for optimization
within the AD context, which can reduce operational and maintenance costs, as well as
investment costs, with proper planning in the design phase. Applied refinement of AD
processes, as presented in this study, can help increase gas production and decrease gas
losses and operational expenses, positioning AD as an indispensable green energy source.
The conducted optimizations not only hold economic value because of decreased energetic
costs, but also have environmental impact because of the reduction in RGP associated
with greenhouse gas emissions. In conclusion, this study underscores the importance of
continuous improvement and optimization in AD systems to enhance their efficiency and
sustainability as a green energy source.
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Abstract: Microbial flocculants (MBFs), a class of eco-friendly and biodegradable biopolymers pro-
duced by various microorganisms, have gained increasing attention as promising alternatives to
conventional chemical flocculants in wastewater treatment and pollutant removal. This review
presents a comprehensive overview of the current state of MBF research, encompassing their diverse
sources (bacteria, fungi, and algae), major categories (polysaccharides, proteins, and glycoproteins),
production processes, and flocculation performance and mechanisms. The wide-ranging applications
of MBFs in removing suspended solids, heavy metals, dyes, and other pollutants from industrial and
municipal wastewater are critically examined, highlighting their superior efficiency, selectivity, and
environmental compatibility compared to traditional flocculants. Nonetheless, bioflocculants face
significant challenges including high substrate costs, low production yields, and intricate purification
methodologies, factors that impede their industrial scalability. Moreover, the risk of microbial contam-
ination and the attendant health implications associated with the use of microbial flocculants (MBFs)
necessitate thorough evaluation. To address the challenges of high production costs and variable
product quality, strategies such as waste valorization, strain improvement, process optimization,
and biosafety evaluation are discussed. Moreover, the development of multifunctional MBF-based
flocculants and their synergistic use with other treatment technologies are identified as emerging
trends for enhanced wastewater treatment and resource recovery. Future research directions are out-
lined, emphasizing the need for in-depth mechanistic studies, advanced characterization techniques,
pilot-scale demonstrations to accelerate the industrial adoption of MBF, and moreover, integration
with novel wastewater treatment processes, such as partial nitrification and the anammox process.
This review is intended to inspire and guide further research and development efforts aimed at un-
locking the full potential of MBFs as sustainable, high-performance, and cost-effective bioflocculants
for addressing the escalating challenges in wastewater management and environmental conservation.

Keywords: microbial flocculant; wastewater treatment; pollutant removal; flocculation mechanism;
resource recovery

1. Introduction

Rapid industrialization and population growth have enabled the rapid increase in
the generation of wastewater containing a variety of pollutants, including suspended
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solids, heavy metals, dyes, and both organic and inorganic contaminants. The inadequate
treatment of such discharge poses serious dangers to aquatic environments, human health,
and ecological safety [1]. Consequently, there is an urgent requirement for the advancement
of effective and sustainable techniques for wastewater treatment and pollutant removal.
Flocculation has been broadly employed as a primary wastewater treatment technique due
to its simplicity, cost-effectiveness, and notable efficiency in the removal of suspended and
colloidal particles [2,3]. Traditional flocculants utilized in the wastewater treatment sector
can be categorized into inorganic flocculants (such as aluminum sulfate, ferric chloride,
and polyaluminum chloride) and organic synthetic polymers (such as polyacrylamide
and polyethylene imine) [4,5]. Although these chemical flocculants have been widely
adopted, they are associated with drawbacks, including high cost, potential toxicity, low
biodegradability, and secondary pollution resulting from the residual flocculants and their
degradation products [6].

In recent years, there has been a notable surge in the development of eco-friendly and
sustainable flocculants as alternatives to conventional chemical counterparts [7]. MBFs,
in particular, have attracted significant attention due to their unique benefits, includ-
ing high efficiency, selective action, minimal toxicity, and superior biodegradability [8,9].
These eco-friendly agents are essentially extracellular polymeric substances (EPSs) pro-
duced by microorganisms during their growth and metabolic processes [10]. Composed of
polysaccharides, proteins, nucleic acids, and lipids, these EPSs are characterized by diverse
functional groups (such as hydroxyl, carboxyl, amino, and phosphate) facilitating interac-
tions with pollutants through mechanisms including charge neutralization, adsorption, and
flocculation [11]. The utilization of MBFs in wastewater treatment and pollution remedia-
tion has gained considerable traction in recent times. Their application in treating diverse
types of wastewaters, including municipal sewage and industrial effluents from sectors
such as textiles, dyeing, pulp and paper, tanneries, agricultural runoff, and landfill leachate,
has demonstrated their versatility and capability [12,13]. MBFs have proven effective in
removing suspended solids, turbidity, chemical oxygen demand (COD), heavy metals,
dyes, and other contaminants [14-16], often achieving removal efficiencies on par with or
surpassing those of traditional chemical flocculants [17-19]. Moreover, the biodegradable
and nontoxic nature of MBFs reduces environmental liabilities associated with the disposal
of residuals and effluents, contributing to sustainable waste management practices [20].

Although MBFs offer numerous attractive advantages and hold significant promise
for application, they still face several obstacles that impede their large-scale production and
use. Major hurdles include high manufacturing costs, low yield, complex compositions,
and the uncertain safety of MBF products [7]. To address these challenges and facilitate the
industrial application of MBFs, considerable research has been directed towards identifying
high-producing strains, optimizing fermentation processes, sourcing low-cost substrates,
and enhancing downstream processing methods [21]. With the advancement of wastewater
treatment technology, the benefits and potential of biological flocculants in wastewater
treatment are increasingly evident. Furthermore, as science and technology progress, we
have access to more advanced technologies for further developing the principles and
applications of biological flocculants.

The objective of this review is to offer a comprehensive summary of the current re-
search landscape on MBFs and their prospective applications in wastewater treatment and
pollution control. This article starts by outlining the origins, classifications, and production
process of MBFs. It then reviews the effectiveness and mechanisms of MBFs in flocculation.
Following this, the application of MBFs in treating various types of wastewaters and remov-
ing different pollutants is critically reviewed and discussed. This review also highlights the
existing challenges and future directions in MBF research and application. This review is
anticipated to provide insightful knowledge and guidance for professionals involved in
wastewater management and environmental restoration.
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2. Sources and Categories of MBFs

MBEFs are a diverse group of extracellular polymeric substances (EPSs) produced
by various microorganisms, including bacteria, fungi, and algae [22]. These EPSs serve
important biological functions, such as cell adhesion, protection, and nutrient uptake, and
can also facilitate the aggregation and sedimentation of suspended particles in aqueous
systems [23]. The composition, structure, and properties of MBFs vary depending on the
microbial species, growth conditions, and extraction methods.

2.1. MBF-Producing Microorganisms

A wide range of microorganisms have been reported to produce MBFs with different
flocculating activities and characteristics. Table 1 presents some typical MBF-producing
microorganisms and their MBF yield under experimental conditions. A major disadvantage
of an MBF is its low yield, and the yield of some strains is less than 1 g/L. However,
currently, through screening and genetic engineering methods, MBF-producing strains
with high yields have been obtained, such as Lipomyces starkeyi in Table 1. The yield can
reach about 62.1 & 1.2 g/L. Of all the MBF-producing microorganisms, bacteria are the
most common and extensively studied MBF producers, especially those belonging to the
genera Bacillus, Pseudomonas, Klebsiella, Rhodococcus, and Paenibacillus [24]. These bacteria
can be isolated from various sources, such as activated sludge, soil, wastewater, and marine
environments, and are known for their high growth rate, easy cultivation, and adaptability
to different substrates [25].

Table 1. Typical MBF-producing microorganisms.

Microorganism Source MBF Yield Reference
Bacillus mucilaginosus Farmland soil 1.58-2.19 g/L [26]
Bacillus licheniformis Soil 2.84¢g/L [27]
Bacillus velezensis Activated sludge 76g/L [28]
Bacillus mojavensis Agricultural soil 1.33 g/L [29]
Aspergillus parasiticus Activated sludge 0.54g/L [30]
Enterobacter cloacae Recycled sludge 227 ¢g/L [31]
Klebsiella variicola Soil 6.96 g/L [32]
Serratia ficaria Soil 241¢g/L [33]
Aspergillus flavus — 0.4g/L [34]
let)reprZrc';Zleme Laboratory 6.4g/L [35]
Sl}:f;zzgzz}:ﬁ;i Wastewater sludge 22¢g/L [36]
el rsu/t )
Lipomyces starkeyi Mangrove ecosystem 621+12¢g/L [38]
Alcaligenes faecalis Sediment sample 4¢g/L [39]

Fungi and yeasts are also significant producers of MBFs, with species from genera
such as Aspergillus, Penicillium, Phanerochaete, Streptomyces, and Lipomyces being
notable [40,41]. Fungal MBFs typically exhibit higher molecular weights and enhanced
flocculating activity compared to their bacterial counterparts. However, their production
cost can be relatively higher, due to the slower growth rate and more complex fermentation
requirements characteristic of fungi.

Algae, including species such as Scenedesmus obliquus AS-6-1 and Chlorella vulgaris
JSC-7, have also been investigated as potential sources for MBF production [42,43]. Algal
MBFs are primarily composed of polysaccharides and can be produced through photosyn-
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thetic processes that require minimal energy and nutrients. However, typically, the yield of
MBEFs from algae is lower compared to bacteria and fungi.

In addition to the natural MBF producers, genetically engineered microorganisms
have been developed to enhance MBF production or confer specific functionalities. For
example, the overexpression of bcsB can stimulate an increase in EPS production and
enhance the flocculation effect of Escherichia coli [44]. Genetic engineering approaches
offer new opportunities to design and optimize MBFs with desired properties for specific
applications [45].

2.2. Categories of MBFs

Based on their chemical composition and structure, MBFs can be broadly classified
into three major categories: polysaccharides, proteins, and glycoproteins [46], as shown
in Figure 1. Polysaccharide MBFs are the most common and extensively studied type of
MBFs [47]. They are composed of repeating monosaccharide units (e.g., glucose, galactose,
mannose) connected by glycosidic bonds, forming linear or branched polymers with high
molecular weights (10*-10” Da) [48]. Polysaccharide MBFs often contain functional groups
(e.g., hydroxyl, carboxyl, amino, sulfate) that can interact with pollutants through hydrogen
bonding, electrostatic attraction, and complexation mechanisms. Some examples of polysac-
charide MBFs include xanthan, dextran, pullulan, and alginate-like exopolysaccharides.
Protein MBFs are another important category of MBFs, which are composed of polypeptide
chains with a high content of acidic (e.g., aspartic acid, glutamic acid) and hydrophobic
(e.g., alanine, valine) amino acids. Protein MBFs usually have lower molecular weights
(103-10° Da) than polysaccharide MBFs but exhibit higher charge density and flocculating
activity. The flocculation mechanism of protein MBFs involves charge neutralization and
bridging effects between the positively charged amino groups and negatively charged
particles. Glycoprotein MBFs are a special type of MBF that contain both polysaccharide
and protein moieties covalently linked together [49]. The polysaccharide component pro-
vides the backbone structure and hydrogen bonding sites, while the protein component
confers the charge and hydrophobic interactions. Glycoprotein MBFs often have a complex
and heterogeneous structure, with a molecular weight ranging from 10° to 107 Da. The
synergistic effect of polysaccharide and protein components can enhance the flocculation
performance and stability of glycoprotein MBFs.
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Figure 1. Chemical structures of different categories of MBFs.

In addition to these major categories, some MBFs may also contain other components,
such as nucleic acids (e.g., DNA, RNA), lipids (e.g., fatty acids, phospholipids), and in-
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organic substances (e.g., metals, minerals) [50]. These minor components can modulate
the physicochemical properties and flocculating activity of MBFs, depending on their
content and interaction with the main components. The diversity and complexity of MBF
composition and structure reflect the adaptation and optimization of microorganisms to
different environmental conditions and substrates. Understanding the structure—function
relationship of MBFs is crucial for selecting and designing MBFs with desirable properties
for specific applications in wastewater treatment and pollutant removal. A wide variety
of microorganisms have been discovered as MBF-producing strains, including bacteria,
fungi, and algae. Table 1 summarizes some typical MBEF-producing microorganisms re-
ported in the literature. Among them, Bacillus, Pseudomonas, Klebsiella, Aspergillus, and
Penicillium are the most common genera that can produce MBFs with high flocculating
activity [51,52]. Most of the MBF-producing strains are isolated from activated sludge,
soils, and wastewater, probably due to the natural selection of microorganisms under stress
conditions. Some strains are also obtained through mutation or genetic engineering to
enhance MBF production.

3. MBF Production, Flocculation Performance, and Mechanisms
3.1. MBF Production

MBEFs are usually produced by microbial fermentation under optimized culture con-
ditions. The growth medium for MBF production generally contains a carbon source,
nitrogen source, mineral salts, and trace elements. Carbon sources are crucial for MBF
biosynthesis, which are usually supplied as glucose, sucrose, starch, or agricultural wastes
like rice straw, wheat bran, and molasses [53]. Nitrogen sources and the C/N ratio also play
important roles in microbial growth and MBF accumulation. Inorganic nitrogen sources
like ammonium salts are commonly used, while organic nitrogen sources like peptone,
yeast extract, and corn steep liquor are sometimes added to improve MBF production [54].
Mineral salts (e.g., magnesium, calcium, potassium salts) are essential for maintaining
microbial metabolism and enzyme activity. The optimal medium composition depends
on the microbial species and should be optimized through experimental design. The cul-
tivation conditions such as temperature, pH, aeration, and agitation speed also need to
be optimized for efficient MBF production [55]. Most MBF-producing microorganisms
favor temperatures between 25 and 37 °C and neutral pH (6.0-8.0). The aeration rate and
agitation speed should provide sufficient oxygen supply while avoiding shear stress on mi-
crobial cells. Fed-batch fermentation is often adopted to achieve high cell density and MBF
yield by preventing substrate inhibition [56]. Some inducers like ethanol, methanol, and
organic acids can be added to stimulate MBF biosynthesis [57]. A two-stage fermentation
strategy, where MBF production is separated from the cell growth stage, is also employed
to enhance yield.

After fermentation, MBFs are present in the fermentation broth as soluble metabolites
or in association with the microbial cell surface. Centrifugation or filtration is used to
remove the microbial cells and obtain the cell-free supernatant. Alcohol (ethanol or acetone)
precipitation is the most common method to extract MBFs from the supernatant, followed
by centrifugation or filtration to collect the precipitates [7]. The crude MBF can be further
purified by dialysis, ion exchange chromatography, size exclusion chromatography, or other
purification techniques to obtain MBFs with higher purity [58]. Alternatively, MBFs can be
recovered by directly treating the fermentation broth with an alkaline solution (e.g., NaOH)
to dissolve and extract the MBF from the cell surface. Acid precipitation (e.g., HCI) is then
used to precipitate MBFs from the alkaline extract [59]. Membrane filtration technology
is also explored to simultaneously concentrate and purify MBFs from the fermentation
broth [60,61]. The extraction efficiency and product purity may be affected by the extraction
techniques and operating parameters, which should be optimized for each specific MBF.
The extracted MBFs are usually dried by lyophilization or spray-drying to obtain a stable
product for application.
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3.2. Flocculation Performance

The flocculation performance of MBFs is usually evaluated by a jar test, where a certain
dosage of the MBF is added into the wastewater under stirring, followed by a slow mixing
and sedimentation process. The supernatant is then analyzed for the residual contaminant
concentration or turbidity to calculate the removal efficiency [62]. Flocculation capacity
can also be assessed by measuring the turbidity, particle size distribution, and settling
velocity of the flocs formed [63]. The dosage effect, pH tolerance, temperature stability, and
selectivity of MBFs are important parameters to evaluate their flocculation performance
under different conditions. Compared with conventional chemical flocculants, many
MBFs exhibit higher or comparable flocculation efficiencies towards various wastewater
contaminants. For example, the MBF produced by Bacillus agaradhaerens C9 could achieve
over 99% removal of chemical oxygen demand (COD) and turbidity from textile wastewater,
outperforming polyaluminum chloride [64]. The MBF from Klebsiella pneumoniae could
remove 97% of Cu(Il) and 94% Cr(VI) from electroplating wastewater, showing superior
performance over polyacrylamide [65]. The MBFs isolated from Bacillus velezensis (40B),
Bacillus mojavensis (32A), and Pseudomonas (38A) had excellent C.I 28 basic yellow dye
removal capability, and their maximum decolorization efficiencies were 91%, 89%, and
88% [66]. MBFs can maintain high flocculation activity over a wide range of pH (3-11) and
temperature (20-80 °C), probably owing to the stability of hydroxyl and carboxyl groups on
MBFs [67,68]. The dosage of an MBEF is typically lower than chemical flocculants, with the
optimal dose being several mg/L compared to tens or hundreds of mg/L for the latter [69].
This is attributed to the higher charge density and molecular weight of MBFs that can
facilitate bridge formation and charge neutralization [70]. MBFs sometimes show selectivity
towards some contaminants, which may be related to the specific binding affinity between
the functional groups on MBFs and the target pollutants [71]. Due to the significant impact
of the environment on microorganisms, biological flocculants” flocculation performance is
easily influenced by factors such as temperature and pH, leading to poor environmental
stability. Prior to application, flocculant-producing bacteria might require a period of
acclimatization. Nonetheless, after a screening process, strains that can adapt to various
conditions have been successfully identified. For instance, a strain of Klebsiella pneumoniae,
which produces a flocculant, was isolated from H acid wastewater. This flocculant boasts a
high molecular mass, thermal stability, and pH responsiveness, and exhibits notably high
flocculation activity [72]. B. mojavensis strain 32A has high flocculation efficiency, high
yield, and thermal stability in the temperature range of 5~60 °C, and is suitable for use in
neutral, weakly acidic, and weakly alkaline environments [73].

3.3. Flocculation Mechanisms

The flocculation mechanisms of MBFs have been extensively studied, and several
hypotheses are proposed, as shown in Figure 2. Charge neutralization is regarded as a key
mechanism, where the negatively charged MBF can neutralize the positively charged parti-
cles or vice versa, resulting in the destabilization and aggregation of colloidal particles [74].
Adsorption bridging is another important mechanism, in which the long-chain MBF can
adsorb onto the surface of multiple particles and form a three-dimensional network, thus
bridging the particles into large flocs [75]. The hydroxyl and carboxylic groups in biological
flocculants also enhance the flocculation effect because they bind strongly to particles and
other chemical contaminants [76]. Sweeping flocculation may also occur, where the MBF
can capture and enmesh the fine particles into the precipitates as the MBF settles down [77].
Other mechanisms such as hydrophobic interactions and hydrogen bonding are also pro-
posed to play a role in MBF flocculation. The hydrophobic regions on MBFs (e.g., lipid
fraction) can facilitate the aggregation of hydrophobic pollutants through hydrophobic
interactions. The hydrogen bonds formed between hydroxyl groups on MBFs and water
molecules or particles may aid the adsorption and stability of flocs [78]. In some cases,
Ca?* or other divalent cations are involved in the flocculation process by crosslinking the
negatively charged MBF and particles, thus acting as bridging agents [79].
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Figure 2. Proposed flocculation mechanisms of MBFs. (At present, there are three main hypotheses
about the mechanism of bioflocculants: charge neutralization, adsorption bridging, and precipitation
net trapping. In addition, there are other hypotheses about the mechanism, such as the formation
of hydrogen bonds between bioflocculants and hydroxyl groups on MBFs and water molecules
or particles.)

At present, the flocculation mechanism of MBFs has not been thoroughly studied,
but the advancement of science and technology provides us with more opportunities to
explore this mechanism. It is important to note that the actual flocculation mechanism of
MBFs may involve a combination of multiple mechanisms, which can vary depending on
the characteristics of the MBF and the wastewater substrate. Additionally, the dominant
mechanism can differ under varying pH, concentration, and other conditions [80,81]. The
types of biological flocculants can also influence the flocculation mechanism. For instance,
bioflocculants can initiate the destabilization of kaolin suspension through charge neutral-
ization, followed by enhancing the aggregation of suspended particles through adsorption
and bridging [82]. The bioflocculant B4-PS, prepared by Arthrobacter B4, may primarily rely
on ionization and charge neutralization as its main flocculation mechanism [83]. Therefore,
when studying the mechanism of biological flocculants, it is crucial to consider the specific
circumstances. The investigation of the flocculation mechanism of MBFs remains a key
focus for future research. A deeper understanding of the underlying mechanism is essential
for designing and optimizing MBF for specific wastewater treatment applications.

4. Applications in Wastewater Treatment
4.1. Removal of Suspended Solids

MBFs play a crucial role in the treatment of wastewater, particularly in the removal of
suspended solids (SSs). An SS refers to small solid particles that remain suspended in water,
such as clay particles, inorganic sediments, organic sediments, organic scale, corrosion
products, and other similar substances. These suspended solids can cause turbidity and
give rise to aesthetic and safety concerns [84]. Due to their large surface area and charge
density, MBFs can efficiently adsorb and flocculate SSs, leading to the rapid sedimentation
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of particles. For instance, the Aspergillus flavus-produced MBF achieved 92% SS removal
from paper-making wastewater under ideal conditions [30]. Similarly, the bioflocculant
IC-1 from Isaria cicadae GZU6722 was highly effective in treating coal-washing wastewater,
achieving a maximum SS removal rate of 91.81% [85]. Furthermore, a protein-based MBF
from Rhizopus sp. was capable of removing over 90% of SSs from domestic wastewater [86].
Similarly, a bioflocculant prepared via Serratia marcescens was observed to eliminate 83.95%
of turbidity and 78.82% of suspended solids [4]. These findings underscore the promising
potential of MBFs as bioflocculants for the control of SSs and turbidity in wastewater
management.

4.2. Removal of Heavy Metals

The removal of toxic heavy metals from industrial effluents is another promising
application of MBFs. Heavy metals like lead, chromium, cadmium, and mercury are highly
toxic and can accumulate in the food chain, posing severe health risks [87]. Conventional
treatment methods like chemical precipitation and ion exchange are costly and may cause
secondary pollution [88]. MBFs offer an eco-friendly and cost-effective alternative for
heavy metal removal owing to their strong affinity and selectivity towards metal ions.
The hydroxyl, carboxyl, phosphate, and amino groups on MBFs can serve as binding
sites for metal ions through electrostatic interaction or complexation. Sathiyanarayanan
et al. reported that the MBF generated by Bacillus subtilis could adsorb 97% of Cr(VI)
from tannery effluents [89]. Gomaa investigated the potential of MBFs from Pseudomonas
aeruginosa for heavy metal removal, achieving an 85%, 80%, and 79% removal efficiency for
Pb(II), Cu(Il), and Cd(II) respectively [90]. By using MBFs as flocculation aids together with
traditional alkaline precipitation, over 99% removal of Zn(Il), Pb(II), Cu(II) and Cd(II) was
obtained from electroplating wastewater [91]. The removal rates of Zn(Il), Cd(Il), Cu(l),
and Hg by biological flocculants can reach 82.63 & 1.20, 72.076 £ 0.42, 57.36 £ 1.05, and
44.7 4 1.053% [92]. The metal-laden MBF flocs could be easily separated from water, and
the heavy metals could be further recovered from the flocs by desorption or an incineration
process. At present, some cation-dependent biological flocculants require the addition of
Fe(Il), Ca(II), and AI(III) ions to enhance their flocculation effect, and although this practice
can reduce the dosage of inorganic flocculants and has certain advantages, it will introduce
certain metal ions in the water body, weakening the green non-toxic advantage of biological
flocculants. Therefore, the screening of biological flocculants with strong flocculation effects
and the ability to remove metal ions such as Al(III) and Fe(II) is also a place worthy of
attention in future research.

4.3. Removal of Dyes

Dyes are a major class of pollutants in the textile, leather, printing, and dyeing in-
dustries. The presence of dyes in water bodies can reduce light penetration, inhibit pho-
tosynthesis, and may cause carcinogenic and mutagenic effects [93]. Due to the complex
structure and poor biodegradability of synthetic dyes, they are difficult to remove by
conventional biological treatment methods. MBFs have shown excellent performance in
decolorizing various synthetic dyes from wastewater. The mechanisms of dye removal
by MBFs include adsorption, charge neutralization, and bridging effect. The functional
groups (e.g., amino, hydroxyl, carboxyl) on MBFs can bind with dye molecules through
hydrogen bonding, electrostatic attraction, and -7 stacking interaction [5]. Moreover,
some MBFs exhibit enzyme-like activities (e.g., peroxidase, laccase) that can degrade the
dye molecules into smaller fragments [94]. A moderately basophilic endophytic bacterium,
Bacillus ferribacterium (Kx898362), was isolated from Asiatica sinensis. After optimization,
the biodegradation rate of this strain could reach 92.76% after 72 h under the conditions
of a DB-14 dye concentration of 68.78 ppm and the addition of 1 g of sucrose and 2.5%
(v/v) inoculants [95]. The halo-alkaliphilic Nesterenkonia lacusekhoensis EMLA3 strain, iso-
lated from textile effluents, degraded 94% of the dye in just 1 h [96]. Pu et al. found
that polysaccharide B2, produced by Bacillus gigantium strain PL8, can effectively remove
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Congo red dye (88.14%) and Pb(II) ions (82.64%) [50]. The MBF showed superior dye
removal performance compared to conventional flocculants like polyaluminum chloride
and polyacrylamide. The dye-containing MBF flocs could be easily separated by settling or
filtration, thus facilitating the removal and recovery of dye pollutants [97].

4.4. Removal and Recovery of Sulfur Compounds

MBFs play a vital role in the treatment of sulfur-laden wastewater, facilitating the
separation and recovery of sulfur compounds. While polyaluminum chloride (PAC) demon-
strates higher efficiency, MBFs are still effective in flocculating biogenic elemental sulfur
(8Y), especially when combined with other flocculants like polymer iron sulfate, achieving
high turbidity and color removal [98]. Sulfide-laden water can be treated microbially, with
Thiobacillus denitrificans oxidizing sulfides to sulfate and a co-culture with floc-forming
heterotrophs enabling stable flocculation over extended periods [99]. The sulfate removal
efficiency of CYBF biological flocculant reached 54.4%, significantly surpassing that of FeCl
and alum at the optimal dosage of 8 mg/L and pH 6 [100]. Microbial fuel cells (MFCs)
utilizing sulfate-reducing bacteria (SRB) and sulfide-oxidizing bacteria (SOB) biofilms
efficiently convert sulfate to sulfide and then to elemental sulfur, enhancing MFC perfor-
mance [101]. The sulfur cycling mediated by microorganisms has significant environmental
implications, particularly in wastewater treatment and pollution bioremediation [102].
Introducing elemental sulfur in denitrification systems can enhance nitrogen removal ef-
ficiency in organic-limited nitrate wastewater, with key microbial species contributing to
sulfur and nitrogen metabolism [103]. Optimization techniques such as response surface
methodology (RSM) can improve the efficiency of MBFa, and solid composite microbial
inoculants (SCMIs) offer better storage stability and enhanced removal performance for
volatile organic sulfide compounds (VOSCs) compared to microbial suspensions [98,104].
In conclusion, MBFs are effective and environmentally significant in treating sulfur-laden
wastewater, with the potential for optimization and improved stability through solid
composite inoculants.

4.5. Other Applications

As shown in Figure 3, apart from the above-mentioned contaminants, MBFs have also
shown potential in the removal of other pollutants from wastewater, such as nutrients (e.g.,
nitrogen, phosphorus), oils, microplastics, and organic matter. For instance, the MBF was
found to remove 99.2% of arsenite from an aqueous solution [105]. The marine B. cereus-
derived MBF exhibited robust flocculation performance, effectively catalyzed the synthesis
of antibacterial silver nanoparticles, and facilitated the removal of heavy metals [106]. The
MBF from Klebsiella oxytoca GS-4-08 can degrade nitriles in a continuous flow reactor [107].
Microplastics have emerged as a significant environmental and health concern due to their
widespread presence in water bodies, soil, and even air [108]. A Promising Approach
Biological method for removing microplastics from water and soil offers a sustainable and
eco-friendly solution, such as the MBF from Bacillus enclensis being able to biodegrade
polyethylene, polypropylene, and polystyrene microplastics [109]. Bacillus gottheilii also
appeared as a better potential microplastic degrader [110]. It was proposed that the removal
mechanisms involve the complexation and charge neutralization between the pollutants
and the functional groups on MBFs. MBFs are also used as eco-friendly flocculants for
microalgae harvesting and sludge dewatering in wastewater treatment processes. The MBF
can facilitate the flocculation and settling of microalgal cells, thus improving the harvesting
efficiency while avoiding the use of harmful chemical flocculants [111]. Similarly, MBFs
can enhance the dewaterability of waste sludge by promoting the formation of larger and
stronger flocs, thus reducing the moisture content and volume of the sludge [112]. The
application of MBFs in microalgae harvesting and sludge dewatering not only reduces
the economic and environmental costs but also improves the quality and safety of the
harvested biomass. Moreover, bioflocculants can function as an efficient eco-friendly
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Figure 3. Applications in wastewater treatment. (Biological flocculants hold significant promise for
sewage treatment, as they can efficiently eliminate suspended solids, heavy metals, dyes, and sulfur
compounds from water. They also have numerous other applications, such as microalgae harvesting
and enhancing sludge dewatering capacity.)

Meanwhile, concerning the safety evaluation of bioflocculants, some researchers
have uncovered their notable bactericidal and antibacterial properties, for example, in a
series of experiments using model water, different raw water sources, and mixed water
containing a mixture of these two waters, M. oleifera was found to remove 88%, 82%, and
66% of E. coli [114]. Biological flocculants kill mosquito larvae. With the increase in the
dosage of biological flocculant, the mortality rate of larvae increased in Ae. aegypti and C.
quinquefasciatus mosquitoes [115]. Tsilo et al. found that bioflocculants showed significant
antibacterial properties against both Gram-positive and Gram-negative bacteria [116].
These studies indicate their potential utility as antibacterial agents.

5. Challenges and Future Perspectives

As shown in Figure 4, a microbial flocculant (MBF) exhibits environmentally friendly
characteristics, biodegradability, superior efficiency, and selectivity, and shows promise in
various applications such as the removal of suspended solids (SSs) and the treatment of
heavy metal wastewater, dye wastewater, and sulfur-containing wastewater. Additionally,
it can be used for microalgae harvesting, microplastic removal, and bacteria inhibition,
making it highly attractive.

However, despite these advantages, MBFs have not yet become a mainstream treat-
ment process due to several challenges and limitations. The main obstacles to MBF pro-
duction are high substrate cost, low yield, and a complex purification process, leading
to increased production costs. Furthermore, the poor stability of biological flocculants,
caused by the susceptibility of microorganisms to environmental influences, hinders the
large-scale use of these flocculants. Nevertheless, significant progress has been made in
screening strains with high yield, high flocculation rates, and improved stability, enhancing
the stability of biological flocculants.
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Figure 4. Challenges and future perspectives.

Although many hypotheses exist regarding the flocculation mechanism of biological
flocculants, further in-depth studies are still required. The advancement of science and
technology can aid in exploring the mechanism of flocculation. Before bioflocculants can be
produced and used, safety assessments need to be conducted. While some scholars have
researched this area, there is currently no unified industry standard in place.

To reduce the production cost, cheap and waste-derived substrates such as agricultural
residues, industrial effluents, and wastewater can be used as low-cost carbon and nitrogen
sources for MBF production [117]. Strain improvement by mutagenesis and genetic engi-
neering is also a promising approach to enhance the MBF yield and reduce the substrate
cost [118]. The variable composition and impurity of MBF products is another challenge
that affects their flocculation performance and stability. The composition and properties
of MBFs depend on the microbial species, cultivation conditions, and extraction meth-
ods, which may lead to batch-to-batch variation and inconsistent product quality [1,119].
Therefore, quality control and standardization of the MBF production process are crucial to
ensure the reliability and reproducibility of MBF applications. An in-depth characterization
of MBF composition and structure by advanced analytical techniques like FTIR, NMR,
GC-MS, and MALDI-TOF is helpful for establishing the quality criteria and optimizing the
production process [24,120,121]. The potential microbial contamination and health risks
associated with MBF application should also be considered and evaluated. Although MBFs
are generally regarded as safe and non-toxic, some MBF-producing strains are opportunistic
pathogens that may cause infections in immunocompromised individuals. The presence of
residual microbial cells, endotoxins, or pyrogens in MBF products may also pose health haz-
ards [122]. Therefore, strict biosafety assessment and quality control are required to ensure
the safety and hygiene of MBF products [123]. The use of non-pathogenic strains, screening
biological flocculants with antibacterial activity, cell removal by ultrafiltration, and steril-
ization by UV or heat treatment can minimize the microbial contamination risks [115]. The
potential of bioflocculants as bacteriostatic agents should also be considered in the safety
assessment of bioflocculants. Bioflocculants with antibacterial activity serve as effective
natural disinfectants for wastewater treatment. Screening biological flocculants with high
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bacteriostatic performance can make the MBF have both flocculating and disinfecting
effects, offering a cost-effective solution for sewage treatment [124].

For future research, more efforts are needed to elucidate the flocculation mechanisms
of MBFs and establish the structure—activity relationship [125]. Advanced characterization
techniques like SEM, TEM, AFM, and QCM-D can be used to visualize the floc structure
and probe the molecular interactions during the MBF flocculation process [126]. Molecular
dynamics simulations and quantum chemical calculations are also powerful tools for
studying the binding mechanism and energy involved in the MBF-contaminant interaction.
A better mechanistic understanding will guide the rational screening and design of MBF for
specific wastewater treatment. The combination of MBFs with other physical, chemical, or
biological treatment methods is another research direction to enhance the overall treatment
efficiency and economy. For example, the sequential use of MBFs and membrane filtration
can improve the removal efficiency and flux of the membrane process while reducing
the membrane fouling [127]. The modified bioflocculant carrier doped with polylactic
acid (PLA) can obviously promote the colonization rate and number of microorganisms
on the carrier, and improve the purification efficiency of COD and ammonia nitrogen
in wastewater [128]. The development of multifunctional MBFs and their synergistic
application with other technologies are expected to bring new opportunities for wastewater
treatment and reuse.

Moreover, the emergence of novel nitrogen removal processes, such as partial ni-
trification, anaerobic ammonium oxidation (anammox), and sulfide-driven autotrophic
denitrification, has opened up new avenues for the application of MBFs in wastewater treat-
ment. These innovative biological nitrogen removal methods offer distinct advantages over
conventional nitrification-denitrification processes, including reduced energy consumption,
lower carbon source requirements, and decreased sludge production [129-131]. As these
cutting-edge nitrogen removal technologies continue to advance and gain traction, the
potential of MBFs in enhancing wastewater treatment efficiency and sustainability becomes
increasingly apparent. MBFs can play a pivotal role in wastewater treatment through multi-
ple mechanisms. Firstly, the synergistic use of MBFs with other flocculants can significantly
improve pollutant removal efficiency, creating optimal conditions for subsequent nitrogen
removal processes [132-134]. Secondly, MBFs can promote sulfide-driven autotrophic
denitrification, enabling the use of sulfide as an electron donor and the coupling of this
process with anammox to further optimize nitrogen removal performance [135,136]. The
application of solid composite microbial inoculants in lieu of microbial suspensions can fur-
ther enhance the storage stability and pollutant removal capabilities of MBFs, contributing
to the development of more robust and efficient wastewater treatment systems. As research
continues to delve into the integration of MBFs with novel nitrogen removal processes, the
potential of MBFs in revolutionizing wastewater treatment and enabling resource recovery
becomes increasingly evident. By leveraging the synergies between these technologies,
it is possible to develop sustainable, efficient, and cost-effective solutions for wastewater
treatment, fostering the protection of aquatic environments and the advancement of a
circular economy.

6. Conclusions

This review summarizes the research progress and application potential of MBFs
in wastewater treatment and resource recovery. As eco-friendly and sustainable alterna-
tives to synthetic chemical flocculants, MBFs have demonstrated excellent flocculation
performance and versatile functions in removing various contaminants (e.g., suspended
solids, dyes, heavy metals) from wastewater. The biodegradability, low toxicity, and high
selectivity of MBFs make them promising tools for wastewater purification and sludge
dewatering processes.

To address the challenges related to high production costs and quality inconsistencies,
certain strategies can be adopted, such as waste valorization, strain improvement, and
process optimization. Additionally, the biosafety evaluation and standardization of MBF
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production are essential to ensure reliability and safety in practical applications. Future
research should focus on elucidating the flocculation mechanisms, designing novel compos-
ite MBF flocculants, and integrating MBFs with other technologies to achieve synergistic
wastewater treatment.

This paper reviews the research progress and application potential of MBFs in wastew-
ater treatment and resource recovery from different sources, main categories, production
processes, flocculation properties, and mechanisms, and combines new scientific research
technologies. Advanced analytical techniques were used to characterize the composition
and structure of MBFs to study the mechanism of flocculation, to develop the collaborative
application of MBFs with other technologies, to evaluate the safety of biological floccu-
lants, to study MBFs with both flocculation and bactericidal functions, and to develop the
application potential in novel nitrogen removal processes.

As the demand for sustainable and cost-effective water treatment solutions continues
to grow, the development and application of MBFs in wastewater purification and resource
recovery are expected to receive increased attention and momentum in the future.
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Abstract: Microplastic fibre (MPF) pollution is a pressing concern that demands urgent attention.
These tiny synthetic textile fibres can be found in various ecosystems, including water and air, and
pose significant environmental risks. Despite their size (less than 5 mm), they can harm aquatic
and terrestrial organisms and human health. Studies have demonstrated that these imperceptible
pollutants can contaminate marine environments, thereby putting marine life at risk through inges-
tion and entanglement. Additionally, microplastic fibres can absorb toxins from the surrounding
water, heightening their danger when consumed by aquatic organisms. Traces of MPFs have been
identified in human food chains and organs. To effectively combat MPF pollution, it is crucial to
understand how these fibres enter ecosystems and their sources. Primary sources include domestic
laundry, where synthetic textile fibres are released into wastewater during washing. Other significant
sources include industrial effluents, breakdown of plastic materials, and atmospheric deposition. Ad-
ditionally, MPFs can be directly released into the environment by improperly disposing of consumer
products containing these fibres, such as non-woven hygienic products. A comprehensive approach
is necessary to address this pressing issue, including understanding the sources, pathways, and
potential risks of MPFs. Immediate action is required to manage contamination and mitigate MPF
pollution. This review paper provides a systematic literature analysis to help stakeholders prioritise
efforts towards reducing MPFs. The key knowledge gaps identified include a lack of information
regarding non-standardised test methodology and reporting units, and a lack of information on man-
ufacturing processes and products, to increase understanding of life cycle impacts and real hotspots.
Stakeholders urgently need collaborative efforts to address the systematic changes required to tackle
this issue and address the proposed opportunities, including targeted government interventions and
viable strategies for the industry sector to lead action.

Keywords: microplastic fibres; microfibres; fibre fragmentation; shedding; microplastic pollution;
domestic laundry; wastewater; wastewater treatment

1. Introduction

The issue of microplastic pollution, mainly caused by microplastic fibres (MPFs), has
been widely recognised for some time. Despite being first identified in 2011 by Browne
et al. [1], progress in addressing this problem has been slow compared to other forms of
microplastic pollution, as specific research on MPFs remains relatively limited. Researchers
have consistently recommended taking measures to standardise methodologies and report-
ing units and adopt a more systematic approach to evaluating textile parameters. They
have also suggested taking a balanced approach to regulations and public education [2-5].
This systematic literature review aims to identify existing knowledge gaps and priority
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steps that the textile sector can take to mitigate this issue promptly and where it can help to
speed up progress.

According to the Textile Exchange [6], synthetic textiles will have the largest global
textile fibre production share in 2021, at 64%. The global fibre production demand has
significantly grown from 8.4 kg per person in 1975 to 14.3 kg per person in 2021, with less
than 0.6% recycled from pre-consumer or post-consumer textiles. If the business persists
with the status quo, the definite growth trajectory will be 34% from 2020 to 2030. The reason
for the growth and shift in the use of fossil fuel-based plastic fibres is because they cost less
and provide better functional performance than natural fibres such as cotton [7,8].

MPFs/MFs are widely distributed and are found in diverse environments such as
oceans, freshwater, and air. Browne et al. [1] first estimated that the accumulation of MPs
is associated with shoreline population density worldwide, indicating that 85% of MPs
are MPFs. According to Boucher and Friot [9], synthetic textiles account for 35% of the
global release of MPs into the ocean, with 25% emerging from the wastewater pathway.
Based on research conducted by the Ellen MacArthur Foundation [10], the current rate
of domestic washing is projected to release approximately 22 million tons of MPFs into
the ocean by 2050. Like MPs, MPFs are non-degradable, accumulate, and take hundreds
of years to decompose [11,12], thus inevitably building up in the environment. This
alarming statistic highlights the pressing need to address MPF pollution before it becomes
increasingly challenging.

Increasing evidence indicates that MPFs are the most common type of secondary MP
present in marine environments [12]. The most prominent and broadly reported sources of
MPFs are shedding during domestic laundry and manufacturing processes [13]. For an av-
erage wash load of 6 kg, over 700,000 fibres could be released per wash and discharged into
the aquatic environment via wastewater treatment plants (WWTPs). Although WWTPs are
reported to be 95-99% effective, they are not explicitly designed for MP/MPF retention so
they can bypass WWTPs. Owing to their enormous discharge volumes, there is compelling
evidence that WWTPs are significant sinks for MP pollution [14]. Apart from wastewater
from WWTPs, other release sources may be solid waste or sludge disposal. Sludge, a
by-product of WWTPs commonly applied to agricultural land as fertilisers, has been found
to contain MPFs/MFs. Tao et al. [15] estimated that during a 15 min drying process, over
90,000 microfibres could be released from 1 kg of polyester and cotton textiles. The release
of MPFs from drying clothes can represent a source of airborne MP pollution [15-17]. These
by-products, which appear as airborne textile fibres, can also cause persistent terrestrial
contamination [18-21]. These are all pathways for the release of MPFs into the environment.

The ecosystem impacts of MPs/MPFs have the potential to occur through physical,
chemical, and biological pathways. Woodall et al. [12] initially reported the ingestion of
MPFs by deep sea organisms in a natural setting. The concern regarding MF buildup
in the environment is due to their fibrous nature. MPFs tend to entangle and block the
digestive tract, leading to the starvation and impaired growth of microorganisms [21].
The longer-term impacts include the capacity to absorb harmful chemical substances from
fibres associated with dyes or additives used in textile manufacturing. Several studies have
reported that MPFs can transfer contaminants. The ingestion of MPFs by various aquatic
species, including turtles, seabirds, fish, and lobsters, has been associated with reduced
feeding and reproductive abilities.

Furthermore, owing to the large surface areas of MPs/MPFs, toxic compounds can be
introduced into humans by them eating higher trophic level species because the compounds
are transferred along the food chain [22]. A recent study by Ragusa et al. [23] identified
MPs in human placentas. Increasing evidence for the presence of MPFs in the atmosphere
has recently been reported. The flying MPFs inhaled by humans can be deposited in lung
tissue [24] and may lead to tumours. According to Cole [25], nanoscopic and microscopic
fibrous materials can also be carcinogenic and fibrotic, whereas particles of the same
content are comparatively benign. The fact that MPFs are increasing and accumulating

84



Water 2024, 16, 1988

toxins dangerous to marine life and potentially humans will only magnify and become
more challenging to resolve if further action is delayed.

Microplastics (MPs) are synthetic polymers often defined as plastic particles smaller
than 5 mm [26], which include particles in the nano-size range (1 nm) [27]. Figure 1 shows
a microscopic view of different types of MPs. Microplastic fibres (MPFs) are petrochemicals
derived from synthetic fibre-based textiles and are considered a subset of MPs [28]. MPFs
are also commonly described as fibrous or thread-like pieces of plastic with a length between
100 um and 5 mm and a width of at least 1.5 orders of magnitude shorter [7]. MPFs are
extensively distributed across various environments, including air, marine, landfill, and
terrestrial. Like MPs, once in the environment, they take hundreds of years to degrade and
are challenging to remove. In this study, our primary focus was on MPFs.
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Figure 1. Microscopic views of the different types of microplastics. Adapted from [29]. (A) Photo-
graph of a typical filter paper under a stereomicroscope, where x = microplastic fibre and y = biogenic
material paper; (B) synthetic microplastic fibre, (C,D) synthetic fragments; and (E) synthetic bead.

Microfibres (MFs) were first produced in Japan in the 1970s and have exceptionally
fine diameters for the textile industry. According to the industry definition, MFs generally
have a linear density smaller than one decitex (as shown in Figure 2), a linear density unit
of one gram per 10,000 m, or a diameter < 10 um [30]. They are typically made of synthetic
fibres. Nonetheless, growing concerns about fibre fragmentation have led to expanding the
definition of fragmented fibres. This is commonly generalised to encompass both natural
and man-made cellulosic fibres that exhibit characteristics of lengths less than 5 mm [31]
and length-to-diameter ratios greater than three [32]. The most remarkable difference
between MPFs and MFs is the origin of the fibres. MPF refers to fibres of synthetic origin
only, and MF refers to all types of fibres. Therefore, when MFs are referred to in this study,
this refers to the generalised definition of fragmented fibres of all material types that are
shorter than 5 mm.

Sanchez-Vidal et al. [33] noted that while MPFs are the most prevalent form of MP
pollution, research has focused primarily on MPs. Despite the thousands of research papers
published on MPs, a mere two hundred studies specifically address the issue of MPF
pollution, according to a search of Web of Science using the keywords “microplastic”,
“microfibres or microfibers or fibres or fibers” and “textiles or apparel or clothing” as of
November 2022. Studies on MPFs have primarily focused on synthetic textiles and their
shed rates during domestic laundering. Research on the loss of MPFs during the rest of
the manufacturing life cycle still needs to be expanded. Our knowledge is incomplete
and biased, which may lead to a conclusion that favours washing discharges directed to
municipal WWTPs as the primary sources of fibres found in the sea and surface waters [1].
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Figure 2. The illustration shows how microfibres are defined in terms of fineness (less than 1 decitex)
compared to common textile fibres and human hair. Modified from [8].

Dealing with MPFs can be a challenging task, especially when it comes to managing
and measuring irregular shapes that are easily tangled. Using a mesh size of 80 pm for
sampling, researchers have captured fibres up to 250 times more effectively than with a
mesh size of 300 um, which has been commonly used in previous studies [34]. However,
owing to inconsistent sampling and quantification methods at various locations, it is
difficult to understand the magnitude of the MPF problem entirely, and MPFs are mostly
underestimated [7,35].

Studies on MPFs should be connected to a broad range of industries. Instead, research
has been mostly limited to laundry in the consumer phase without covering the entire
production process. Therefore, current solutions focus only on a small part of the problem
and cannot address MPF release across the complete product lifecycle.

Since there is yet to be a standardised method for analysing MPs and MPFs [36], the
sampling and extraction techniques used to quantify MPs/MFs are inconsistent. As a
result, the reported MPF concentrations among the studies were conflicting, varying, and
divided, without a standardised concentration reference. Many studies have reported in
oversimplified tones that are missing critical details. Concentrations of MPs/MPFs are
relatively complex to compare because of the different units used [37]. Although efforts
have been made to convert these units [38], the results can be biased or misleading because
assumptions must be made.

As MPFs are currently the most prevalent MP source, targeted research is essential to
understand this issue. This study used a systematic bibliometric approach to objectively
review this subject and understand the knowledge gaps and how proliferation has led to
the current state. It then focuses on insights that can help to prioritise mitigation actions for
researchers, practitioners, and regulators to address this urgent need.

2. Materials and Methods
2.1. Data Source

A structured bibliometric approach or citation network analysis (CNA) is an objective
way to capture research that shows knowledge proliferation over time. Establishing a
research scope based on keyword selection is a more accurate evaluation than a traditional
literature review [39].

Bibliometric analysis requires obtaining and analysing data on a specific topic or a
range of issues. The data were captured through the Web of Science (WOS) in November
2022. The following search criteria were used. TS refers to the topic fields, which include
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titles, abstracts, keywords, and indexing. “TS = (microplastic*) AND TS = (microfibre* or
microfiber” or fibre* or fiber*) AND TS = (textile* or clothing* or apparel* or fashion*) and
Environmental Sciences or Engineering Environmental or Marine Freshwater Biology or
Water Resources or Materials Science Textiles or Multidisciplinary Sciences or Polymer
Science or Green Sustainable Science Technology or Engineering Chemical or Toxicology
(Web of Science Categories) and Review Article or Proceeding Paper or Correction or Early
Access or Editorial Material or Meeting Abstract (Exclude-Document Types) and 7.70 Ther-
modynamics or 3.87 Paper and Wood Materials Science or 3.32 Entomology or 6.73 Social
Psychology or 2.74 Photocatalysts or 7.139 Energy and Fuels (Exclude-Citation Topics
Meso) and Energy Fuels or Food Science Technology or Education Educational Research
or Fisheries or Public Environmental Occupational Health or Meteorology Atmospheric
Sciences or Oceanography or Toxicology or Microbiology (Exclude—Research Areas) and
3.60.1998 Pfos (Exclude-Citation Topics Micro) and Chinese (Exclude-Languages)”. In total,
219 articles were identified. Figure 3 shows a flowchart summarising the identification,
screening and bibliometric analysis used.

Bibliometric Analysis
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n=328

Select data source & define

search criteria

(Web of Science)

TS=(microplastic*)

!

TS=(microplastic*) AND TS=
(microfibre* or microfiber* or
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'

TS= (microfibre* or microfiber*)
AND TS= (textile* or clothing* or
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Included

Records sought for retrieval (Top 10 categories): Records excluded:

Environmental Sciences or Engineering
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n=301
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n=-82

|

Records included in review
n=219 articles
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Early Access or Editorial Material or Meeting Abstract
(Exclude — Document Types)
n=50
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7.70 Thermodynamics or 3.87 Paper & Wood
Materials Science or 3.32 Entomology or 6.73 Social
Psychology or 2.74 Photocatalysts or 7.139 Energy &
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Records excluded:
Energy Fuels or Food Science Technology or Education
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¥
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TS=(microplastic*) AND TS= n=1
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or clothing* or apparel* or
fashion*)

Figure 3. Flowchart of the bibliometric analysis showing the identification, screening and bibliometric
analysis used. (* stands for wildcard which means include variants).

As microfibres have been developed in the industry since the 1970s, there were over
6246 papers related to this agenda, too many to be considered for a literature review. If the
focus on microplastics and fibres was not specific to textiles and clothing, 1939 papers were
available. We refined the parameters to be more specific and aligned them with the objec-
tives of identifying opportunities from a sector perspective. In the early stage of knowledge
development, this topic proliferated with research based on MPs without focusing on fibres,
which were subsequently found to be the most substantial form. Therefore, instead of
searching for keywords in the abstract, it was kept to the whole content, which resulted in
69 more papers, as these were critical papers. The results are summarised in Table 1.
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Table 1. List of keyword research results from Web of Science in November 2022. (* stands for
wildcard which means include variants).

Keywords No of Articles
TS = (microplastic*) 8217
TS = (microplastic*) AND TS = (microfibre* or microfiber* or fibre* or fiber*) 1939
TS = (microfibre* or microfiber*) AND TS = (textile* or clothing* or apparel* or fashion*) 395
TS = (microplastic*) AND TS= (microfibre* or microfiber* or fibre* or fiber*) AND TS = (textile* or 219

clothing* or apparel* or fashion*)

From the WOS, the graph in Figure 4 illustrates that there have been few published
studies in the research domain since 2011, and a significant growth in numbers and ci-
tations since 2019. Data were exported and analysed using WOS, Microsoft Excel 365,
CitNetExplorer 1.0.0, Pajek 5.16 and VOSviewer 1.6.18.
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Figure 4. Times cited and the distribution of publications over time (2011-2022) were generated
from the Web of Science using the search keywords listed in Table 1. (The Citation Report graphic is
derived from the Clarivate Web of Science, Copyright: Clarivate 2022. All rights reserved. Date of
search: November 2022).

2.2. Methodology

CNA aims to identify research domains, evaluate research traditions, and map chang-
ing paradigms [40]. The concept of CNA is that citation networks constitute a theory of
connections between articles and systematic channels, transforming scientific knowledge,
particularly when developing the main path [41]. Researchers in the same field tend to cite
each other and add new knowledge to their latest research. Thus, the advancing knowledge
in a particular research field will continue to grow [40].

CitNetExplorer is software that maps the topmost cited publications in the database.
All non-matching cited references were excluded to ensure that every citation in the
database in CitNetExplorer could be matched with a publication. A resolution for clustering
of 2.00 with a minimum of ten citations and merging of small clusters was selected, and
the analysis generated eight clusters with six publications that did not belong to a cluster.
Clustering is used to identify the number of research domains [42].

According to Van Eck and Waltman [43], circles indicate publications, curved lines
indicate citation relations, and the vertical axis represents time in visualisation. The
proximity of publications in the citation network determines publication locations in
the horizontal direction. The closer the two publications are to each other, the closer they
are positioned in the horizontal direction. The citation score is the number of citations of
a publication received from other physical publications in the WOS Database. The core
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publication has citation relations with at least ten different publications. The longest path
was the longest knowledge network developed during the study period. Therefore, the core
publication and longest path were also generated for evaluation, in addition to a complete
network cluster analysis.

Pajek is software for analysing and visualising large networks (networks containing
up to one billion vertices) [44]. This was applied to determine the global main path in the
acyclic citation network using a traversal weight scheme to examine the research domain’s
most significant knowledge dissemination.

Publications assigned to the same cluster tend to be closely related to the citation
networks. Each cluster was reviewed and assigned to a research domain. The longest path
analysis from CitiNetExplorer and the main path analysis from Pajek were used to identify
the key contributors to the leading articles.

VOSviewer is software that analyses publication data to create network maps. It
creates distance-based visualisation, in which more closely related terms are closer to the
visual display [42]. This software was used to map the co-occurrence of all keywords in
publications. Full counting was performed to ensure that each keyword had the same
weight as all the other keywords, regardless of the number of keywords per document. The
minimum occurrence requirement for a keyword to be included in the map was selected as
40. Only the top 40 keywords on the map are included.

3. Results
3.1. Publication Profile

Table 2 shows that the environmental science communities continue to drive major
studies. Five of the top ten journals comprised 53% (116) of the total environmental
science or pollution research publications, and 13% (29) were from chemical and polymer
disciplines. Again, such small numbers affirm that MPFs/MFs are less focused subjects.

Table 2. Number of publications by top 10 journals.

Name of Journal No of Publications %

Science of the Total Environment 34 16%
Environmental Pollution 27 12%
Marine Pollution Bulletin 22 10%
Environmental Science Technology 15 7%
Environmental Science and Pollution Research 14 6%
Chemosphere 9 4%
Journal of Hazardous Materials 8 4%
PL0oS ONE 6 3%
Frontiers in Marine Science 4 2%
Polymers 4 2%

Table 3 illustrates that over 70% (155) of the articles from the top ten countries were
from developed countries in the USA and Europe. China is the largest producer of textiles
and clothing in the world. Although it had the highest number of publications, it accounted
for only 15% (n = 34) of the total publications. This may explain why the research was highly
skewed toward the usage phase of textiles in garment laundry. From Table 4, the largest
cluster generated by CitNetExplorer was assigned to the research domain of domestic
laundry and drying, with 85 publications, constituting 39% of the total.
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Table 3. Distribution of articles by top 10 countries.

Publication Countries No of Publications %

People’s Republic of China 36 16%
USA 34 16%
England 27 12%
Italy 26 12%
Canada 15 7%
Germany 12 5%
Spain 12 5%
Switzerland 11 5%
Australia 9 4%
Finland 9 4%

Table 4. CitNetExplorer-generated clusters and the number of publications in each cluster.

Group No Colour No of Publications Research Domains
0 NA 6 Scattered Samples
1 Blue . 85 Domestic laundry and drying
2 Green ® 28 Test methodology
3 Purple 22 Aquatic ecosystem
4 Orange 21 Atmosphere environment
5 Yellow 19 Wastewater source
6 Brown 17 Abundance and distribution
7 Pink 11 Terrestrial ecosystem
8 Light Blue 10 Hazardous nature

3.2. Citation Network

Figure 5 shows the cluster analysis of all 219 publications imported from WOS. Eight
clusters were found with 1483 citation links, and six papers did not belong to any cluster.
The colours and breakdown of each cluster are summarised in Table 4. The research
domains were allocated according to their content by evaluating each cluster relationship.
The details of each cluster are discussed in Section 3.4.

As shown in Figure 6, there were 153 core publications with 1363 citation links. From
the longest path analysis between Browne et al. [1] and Volgare et al. [45], there were
17 publications with 92 citation links, all of which were built on MPFs/MFs released from
domestic laundry with different textile and laundry parameters, and the uptake of MPFs
from aquatic organisms. In addition to MPFs from polyester, Zambrano et al. [46] raised
concerns regarding MFs, including from cotton and rayon. Karkkéinen et al. [16] expanded
the MPF release to include tumble drying. Two articles proliferated and were not found in
the main path. De Falco et al. [47] shared the potential of using pectin finishes to reduce
MPF release, and Herweyers et al. [48] attempted to evaluate MPF/MF pollution from a
consumer perspective.

In Figure 7 of the global main path, Rochman et al. [49] diverted from Browne [50]
to assess MPs/MPFs ingested by fishes and bivalves. This study highlights the potential
of MPs/MPFs for human consumption, such as from seafood. Instead of studying the
release of MPFs from textiles, Talvitie et al. [51] continued to dive deeper and found direct
evidence that WWTPs are a point source of MPs/MPFs released into aquatic environments.
Pirc et al. [52] focused on MPF emissions from different textile and laundry parameters.
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Figure 5. Full citation network generated by cluster analysis. (Research domain clusters are coloured
according to Table 4).
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Figure 7. The global main path was generated using Pajek.

3.3. Connection between Keywords

Figure 8 shows that MPFs/MFs have originated as a branch of MP research with a long
history. However, the scope has broadened to cover more comprehensive fibres, including
natural and semi-synthetic fibres [46]. Since then, more papers have reported the release
or shedding from these non-synthetic sources using the fibre type as a function of the test
parameters [53]. The dynamics of the problem have shifted from MP pollution to the more
significant issue of fibre fragmentation from the most commonly used textile materials
(polyester and cotton) and their applications in the last few years.
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Figure 8. Overlay visualisation result by 40 keywords co-occurrence generated from VOSviewer.

Although studies have shown that textile finishing agents have prolonged their
biodegradability from 85% to 75% [54], merging non-synthetic, natural, and semi-synthetic
fibres in one piece has increased the challenges and made the problem more difficult to
unravel. This requires a more complex system approach across the entire textile value chain
as it becomes challenging to differentiate between accountabilities and responsibilities
in the complex chain. Nonetheless, this may hinder using more sustainable bio-based
synthetic materials as they are exposed to a similar MF fragmentation issue. Therefore, it is
crucial to develop methodologies to differentiate common textile materials and their blends
to find appropriate solutions for different fibre compositions and reduce their release into
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the environment. Although natural or semi-synthetic materials can behave differently
depending on their degradability and the chemicals added, generalising natural MFs with
MPFs is not recommended as it may hamper the resolution of MPF pollution.

De Falco et al. [47] raised concerns about MPF release from washing, and evaluated
other laundry and textile parameters that impact the release quantity. Domestic washing
was concluded to be the source of the MFs released into the ocean via wastewater treatment
plants. De Falco et al. [55] demonstrated for the first time that the immediate release of
MFs from clothing to air during wearing is equally as important as when released into
the waterway from washing. Attention has also shifted from the aquatic environment to
the terrestrial, as a proliferation of studies has raised similar concerns about airborne MFs
in indoor and outdoor environments with additional releases from electronic dryers [56].
This can potentially outweigh aquatic emissions, notably if the retention rate of WWTP
is improved. In addition, the concentration of MFs in sludge will increase, polluting
terrestrial ecosystems.

It is also not difficult to recognise that China has become one of the most researched
countries, as most polyester fibres are produced in this region [57]. The ability to initiate
remedial action at an early stage of the production process should be more effective, as
some studies have found that the emission quantity from industrial WWTPs can be up to
a thousand times greater than that from municipal WWTPs [36,58]. Therefore, the ability
to mitigate at the production stage is a more impactful mitigation approach than to do so
during its use and disperses in diversified pathways.

3.4. Summary of Each Research Domain
3.4.1. Domestic Laundry and Drying

This research domain has the largest group of publications and citation links in CNA.
The global main path was first introduced by Browne et al. [1], who reported that more
than 1900 fibres were released per garment per wash. This was followed by Pirc et al. [52],
who first stated that the release of MFs was 3.5 times higher from tumble drying.

Several studies have reviewed the shedding of MFs during the usage phase. Fabrics
and garments are washed under different conditions, such as with different detergents,
temperatures, and machines. Variations in the sampling methods, testing methodologies,
and reporting units employed in numerous studies make it difficult to compare the results.
The impacts are summarised in Table 5.

Front-load washing machines reduce MF release because their mechanical actions are
less severe. This reduction can be by up to seven times [59]. Most studies have found a
decreasing trend in the release of fibres by sequential washing [16,53]. Washing load is
considered to be one of the most influential factors in fibre release. On the other hand,
textile parameters are expected to play a critical role. Limited studies are available for
reference in development, although it is known that more compact structures, higher twists,
and long filaments can reduce MF release. However, this information is more complex
to translate to textile design without reporting more details and comparing meaningful
parameters in different production processes. Rathinamoorthy and Balasaraswathi [60]
also identified that, among all laundry parameters, water volume was the most influential
on MF release, followed by washing duration, mechanical agitation, and temperature.
Therefore, a full load can maintain the water-to-fabric ratio at a minimum level, which is
the most effective setting to reduce fibre shedding during washing, which was also shown
by the results of Kelly et al. [61].
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Table 5. Summary of effect on MPF/MF release from domestic laundry and drying from selected articles.

Parameters Articles Effect on MPF/MF Release
Textile Parameters
[62] Increase with loose construction
Structure [55] Reduce with compact to loose structure
[63] Reduce as interlacing coefficient and weft density increase
Composition [64] Recycled polyester > virgin polyester
[65] Acrylic > polyester > nylon
Spinning method [66] Ring > rotor or air-jet
[62] Reduce with higher twist
Yarn twist [67] Spun > non-twist filament > hard-twist filament
[55] Reduce with a higher twist
[55] Reduce with continuous filament over short staples
Fibre length [53] Increased release with shorter irregular fibres
[68] Reduce from staple to textured filament.
[47] Reduce with a pectin-based finish
Finishing —
[66] The processed surface can produce five times more
Cutting [66] Scissor-cut 3-31 times higher than laser-cut
Washing and Drying Parameters
Machine type [59] The top load releases seven times more than the front load
[52] Successive washes decrease emissions
[69] Reduce and typically stabilise from the 4th and 5th cycle
[61] Reduce after 4 cycles
[53] Reduce after the peak at 3rd cycle
Subsequent washes [17] Reduce and stabilise from 5th cycle
[67] Reduce
[68] Reduce significantly from 5th cycle
[70] Reduce and stabilise at the 7th cycle
[61] Increase as the most influential factor
Water volume-to-fabric [45] Increase by five times
ratio/washing load decrease - -
[60] Increase as the most influential factor
[46] Increase with temperature
[61] No significant effect between 15 and 30 °C and increase at 60 °C
Washing temperature [71] Increase with temperature
[70] 1.8 times more if the temperature is increased from 20 to 40 °C
[61] No impact if the increase is from 15 to 60 min
Washing and drying time [71] Increase with duration and spin speed
[70] Increase if duration increases from 30 to 60 min
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Table 5. Cont.

Parameters Articles Effect on MPF/MF Release

[52] Reduce (both detergent and softener)
[72] Reduce (softener only)
[46] Increase (detergent only)
[61] No effect (detergent only)

Using detergent and softener [53] Reduce (detergent only)
[73] No significant impact (both detergent and softener)
[71] Increase (detergent and conditioner)
[74] Reduce (softener only)
[70] Increase (detergent only)

Both Mcllwraith et al. [75] and Napper et al. [76] proved that mitigation devices had
some impact on reducing fibre release in the washing process, and the Lint LUV-R filter
was the best performer, with a retention rate of approximately 80%. The remaining devices
had significantly lower rates (approximately 30%). Herweyers et al. confirmed that further
education is required if these devices are introduced to consumers. They must be user-
friendly and easy for consumers to understand how they can make an impact, so as to
secure long-term behavioural changes [48].

Owing to the vast variations in textile materials, there is an inevitably considerable
variation between the sample specimens used, which makes comparisons inconclusive.
Researchers from non-textiles backgrounds may collaborate with industry or academic
disciplines to support the selection of fabrics that have an enormous impact and for which
detailed textile parameters can be provided.

3.4.2. Test Methodology

Measuring and identifying microplastics is difficult because of inconsistent sampling
and quantification methods, resulting in challenges in comparing data and estimating
their prevalence [35,77]. For many years, the characterisation of polymers has relied on
optical spectroscopy to provide information on polymeric materials’ identity and chemical
composition. One major finding is that relying solely on microscopic visual identification
of MPs or MFs is inaccurate; each particle must be confirmed as plastic using techniques ca-
pable of tackling small particle sizes, such as micro-Fourier-transform infrared microscopy
(UFTIR), micro-Raman(pRaman), Pyrolysis Gas Chromatography/Mass Spectrometry(Py-
GC/MS), and High-Performance Liquid Chromatography(HLPC) [78]. However, pFTIR
and pRaman are the most commonly used techniques and are highly recommended for
characterising MPs, with similar performance, especially in wastewater samples [78,79].
Raman spectroscopy is a laser-based method that provides better resolution than infrared
spectroscopy. This is well suited when the process requires focusing on small regions
of a sample. It can also address the identification of MPs as small as 1 um. The Raman
spectrum yielded similar but complementary information to that obtained by FTIR. To
establish a standardised method for the qualitative analysis and characterisation of MPs,
both instruments can be effectively combined with optical microscopy [80]. However, its
high cost and time requirements render it unscalable.

However, a few commercial standards have been published for quantifying MFs from
domestic washing. They are published by the Microfibre Consortium [81], AATCC [30],
and ISO [31] (which are under development). They are remarkably similar and consistent;
therefore, the results are likely comparable. The minor difference is that the TMC method
requires eight specimens but no blank test. In comparison, the AATCC provides two
options for pretreatment and drying: detergent and wash temperature, as per the label.
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The AATCC and ISO standards are less sophisticated versions of the TMC standards, and
require only four sample specimens.

Adopting new test methods will require industry collaboration, which can be acceler-
ated by stakeholder pressure and regulatory interventions to introduce aligned measures.
Currently, most identification methods are based on MPs and laboratory scales, with MPFs
being a subgroup of MPs. This requires scalable investment and the ability to include
non-synthetic fibres. However, current commercialised standards do not consider the influ-
ence of other particle contaminants, differentiation of fibre types, and length distribution.
The accuracy and reliability of the control parameters are yet to be improved. This relies
on specific polymer characteristics not possessed by natural fibres. Some test protocols
entail using solvents to remove contaminants that can dissolve or remove organic matter,
including natural fibres. Therefore, in developing a methodology, it is essential to include
fibre types commonly used by the textile industry.

3.4.3. Aquatic Ecosystem

Pollution in aquatic ecosystems is the first concern regarding the release of MPs/MPFs/
MFs into the environment. Indeed, there is compelling evidence that their impact was
previously underestimated because 300 pm sieves were used in the sampling process, and
most later studies confirmed the most prevalent length to be <100 um. According to Conkle
et al. [82], approximately 80% of previously published papers did not account for MP size
<300 pm. The discrepancies can be as high as one to four orders of magnitude when a
sieve <100 um is used [83]. Therefore, earlier studies using coarse sieves for sampling
underestimated MP prevalence.

MPFs have been found in almost every marine habitat’s seawater and sediments. In a
review by Gago et al. [84], the most abundant fibre length of surface water was established
as 500-1000 pm and up to 4750 pm. In sub-surface waters, this was found to be 1-5 mm,
with the most abundant fibres in sediment ranging in size between 800 and 1000 um,
consistent with those found in WWTPs and domestic laundry studies. MPs and MPFs can
be viewed as unavoidable byproducts of contemporary lifestyles which can be transmitted
directly to oceans, rivers, and lakes without assistance from WWTPs [85]. Nevertheless,
a Great Lakes study revealed that the estimate for MPFs in aquatic environments was
disproportionately higher than the concentrations found in wastewater effluents [86]. As
a result, research into aquatic environments may consider a more balanced approach of
using a smaller sample volume, like Barrows et al. [87], instead of coarse sieves and a large
volume sample size, which may result in underestimation.

3.4.4. Atmospheric Environment

MPFs are ubiquitous, but their long-term effects on human health and the environ-
ment are poorly understood. Dris et al. [88] first reported the concentration of 1.0 and
60.0 fibres/m> and 0.3 and 1.5 fibres/m? in indoor and outdoor air, respectively. Most
were natural or cellulosic, which is unsurprising because they are short, staple fibres and
are more vulnerable to breakage and fallout during use and wear. Studies of long-term
exposure to UV radiation from sunlight and fluctuations in ambient temperature have
proven that textiles break down and release MFs into the atmosphere [89].

It is generally believed that the most consequential shedding of clothing fibres occurs
during laundering. However, this assumption may need to be revised as it only accounts
for some products. Non-laundered fabrics such as flags and sails also undergo predictable
disintegration, with associated fibre losses over time [85]. Fibres were also readily noticeable
on clothing closets, floors, display monitors, and other undisturbed indoor surfaces. In later
studies, there have been emerging discussions on their fate in the air we breathe, the dust
we inhale at home, the water we drink, and other elements of our being and environment.
Liu et al. [89] and Zhang et al. [90] suggested that textile clothes and soft furnishings are
likely to be the major sources of airborne MPs in indoor environments. Over 60% of MPs
were MPFs, which could be an essential source of MP pollution.
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However, the concentration of MPFs or MFs largely varies between indoor and out-
door environments in different regions, as reported by [19,34,89,91]. Clothing and textile
furniture are the dominant sources [92]. However, differences in lifestyle and the use of
textile-derived products are expected to be the main reasons for the variations in indoor
environments. At the same time, the distribution in the outdoor environment is vastly
influenced by wind, airflow, and other factors, such as consumption habits, socioeconomic
status, traffic, and urbanisation [93].

Most airborne fibres in various studies [19,91,94] were below 1000 um, posing an
inhalation risk to humans. More recently, it was demonstrated that MPFs in the atmosphere
may cause issues related to inhalation and their presence in human lungs [24].

Nevertheless, the airborne MF phenomenon requires strict contamination control from
sampling to the point of the experiment. This is particularly important because the potential
presence of airborne MFs, such as from researchers’ clothing or other textile materials, can
significantly impact the experiment’s outcome. Therefore, it is essential to implement
effective control procedures to minimise contamination.

3.4.5. Wastewater Source

Doubtlessly, wastewater is a well-known source of microplastic fibres released into
the aquatic environment. It is accepted that laundering fabrics leads to abrasion and wear
of textiles, leading to fibre-shedding and their subsequent release within effluent from
washing machines through sewage effluent. Browne et al. [1] reported that the proportions
of polyester and acrylic fibres in sewage effluent resemble those of MPs found worldwide
contaminating sediments. This was interpreted as an indication that at least some of the
MFs in the marine environment originated from textile washing, with WWTDPs acting
as pathways.

WWTPs as pathways for MP release have drawn attention recently, with an expo-
nentially growing number of related publications in the last few years [95]. Mintenig
et al. [96] suggested that WWTPs could be a sink and a source of MPs and thus play an
essential role in MP pollution. There is strong evidence that MPs/MPFs can easily bypass
WWTP filtration and other solid separation processes, which are not designed for such a
purpose [97-99]. Magnusson and Norén [100] and Talvitie et al. [101] demonstrated that
the supply of MPs from WWTP effluents to the aquatic environment may be substantial
because of the enormous volume discharged daily.

In the study by Conley et al. [96], MPF removal efficiency was reported at 80.2-97.2%,
which is relatively high but still significantly less than the total MPs. Talvitie et al. [102]
suggested that advanced wastewater treatment (e.g., a membrane bioreactor) can improve
the removal efficiency of small-sized MPs (<100 um). This was further supported by Zia-
jahromi et al. [98], who found that fibres were the dominant MPs detected in most effluent
samples and were not completely removed even after advanced treatment processes.

WWTPs in developed countries are believed to be more efficient. For example,
Mintenig et al. [96] showed a removal efficiency of 98% for MFs after advanced filtra-
tion in a German WWTP. Whereas, in developing economies, WWTPs usually have lower
standards because of inadequate sewage infrastructure. In 2014, China alone accounted for
69% of all polyester fibre production globally, with the combined output of China, India,
and Southeast Asia representing over 80% of the global total [13]. Nevertheless, developing
countries produce and consume a higher proportion of synthetic textile materials, at 62.7%
compared to 48.2% in developed countries [9]. Developing countries tend not to have
commonly available tertiary treatment standards, which is of greater concern.

Xu et al. [28] measured MPFs directly discharged from textile mills to an industrial
WWTP that collects effluents from mills in the region for treatment before their discharge
to the aquatic environment. This is a typical textile industrial CETP with a daily treatment
capacity of 30,000 tons in the same region where the present study was conducted. This
plant receives production wastewater from 33 printing and dyeing mills in a textile indus-
trial park, accounting for approximately 95% of the influent. The average abundance of
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MFs, both natural and synthetic, was reported as 334.1 (+24.3) items/L in the influent
before being reduced to 16.3 (+1.2) items/L in the final effluent, with a retention efficiency
of 95.1%.

When comparing industrial textile effluents from Xu et al. [28] and municipal effluents
from Yang et al. [103] and Lv et al. [104] in China, there were 28-1310 times more MFs
discharged directly in concentrated effluent to aquatic environments from industrial sources
than from municipal WWTPs. The scale of textile effluents is vast, as it is one of the highest
water-use industries globally [105] and is considered the second largest consumer and
polluter of clean water [10]. Once discharged, no practical solution exists to remove it
from freshwater and the ocean. It is essential to avoid discharging MPFs/MFs to aquatic
environments, as there is no alternative way to remediate them. Therefore, it is imperative
to take immediate action to control the release of wastewater. The magnitude of this
pathway suggests that it is of primary importance and high priority. Regulators should be
informed and educated without delay.

3.4.6. Abundance and Distribution

Estimating MPF pollution globally with many unknown factors and uncertainties is
challenging, which explains the discrepancies between studies. These uncertainties can be
either structural (related to the understanding of the mechanisms and pathways of leakage)
or data-related (associated with the availability of reliable datasets, which are particularly
difficult to obtain in certain countries) [106]. The predominant global estimates of MPF
leakage are listed in Table 6.

Table 6. Global microfibres release yearly estimates from listed sources.

Estimates (Weight) Source of References
190,000 tonnes/ year [107]

525,000 tonnes/year [9]

260,000 tonnes/year [108]

280,000 tonnes/year [109]

Boucher and Billard [98] defined the leakage of primary MPs as a function of loss and
release rates. Therefore, the loss rate measures the quantity of MPFs lost from a specific
activity such as domestic washing, and the data are usually more accessible. The release
rate estimates the fraction of this loss reaching the ocean, which is not captured in waste
treatment plants or other infrastructure. This leads to significant uncertainties owing to
the high complexity of release pathways. The estimation often requires validation from
field studies, which require further improvement. Perhaps the latest estimate by Belzagui
et al. [109] was closer to the true scenario for release based on domestic laundry, as the
estimation model considered extended parameters such as the volume of laundry effluents,
percentage of municipal water that has been treated, type of water treatment applied, and
proportion of front- versus top-loading washing machines.

Owing to their high density, MPFs are the most prevalent MPs in the natural environ-
ment, particularly in sediment and surface water. Miller et al. [110] and Dris et al. [111]
identified both synthetic and non-synthetic fibres in freshwater and Lusher et al. [112]
identified them in the gastrointestinal tracts of fish. Surprisingly, despite synthetic fibre
production surpassing natural fibre production for over a decade, a few studies [73,113]
have found that natural MFs are more abundant than synthetic ones. Apart from this, other
sources show that MFs are more diverse during the use phase through the air system, with
some findings suggesting that MFs from natural sources are even higher density [111].

The most commonly detected polymers are polyesters (PES), polyamides (PA), and
polyethylene (PE). The fibre types examined could have been more consistent in different
studies. Ziajahromi et al.’s [98] findings resemble the global fibre production market, with
polyester as the most significant contributor. Fishing nets, ropes, and gears are potential
sources of MPF pollution. The main concern regarding the use or abandonment of fishing
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gear is that it is a source of secondary MP pollution. Generally, it is perceived that ropes
discarded following their use in fishing activities and marine transportation are the primary
source of MPFs following weathering and breakdown of material over time [114-116].

The MPFs shed during washing vary from 11.9 to 17.7 um in diameter and 5.0 to
7.8 mm in length across polyester, polyester/cotton blends, and acrylic. They typically
range in diameter from 6 to 175 um [117]. The most common fibre lengths found in marine
environments are 100-1500 pm [87] and in wastewater treatment plants (WWTPs) are
100-1000 um [118]. The size range of <500 um was dominated by surface waste, whereas
500-5000 um was dominated by sediments [119].

Assessing the worldwide impact of MPF contamination is complex due to various
unknown factors and uncertainties. Thus, there may be divergent findings from different
studies. As textile materials are diversified, more accurate estimates require a deeper
understanding of the relationship between textile parameters and their fragmentation per-
formance over the entire product life cycle. For example, industrial wet processing factories
which discharge through industrial WWTPs can potentially release higher amounts of
MPFs than municipal WWTPs with input from domestic washing [58,120]. This can con-
tribute to significantly more releases than in the current estimation. In addition, more recent
studies claim that terrestrial pathways from the use of electronic dryers can contribute
more MFs than the aquatic pathway [15,111]. Considering these additional sources and
pathways is crucial for comprehensively assessing the global abundance of MFs.

3.4.7. Terrestrial Ecosystem

Synthetic fibres have been reported in municipal sewage sludge in soil. They can
be dated back to the studies of Habib et al. [121] and Zubris and Richards [122], which
indicated fibre presence in wastewater and its diverging pathways. Fibres within the sludge
material cannot biodegrade quickly in nature and can persist for more than 15 years in the
soil. Such pollutants in the soil can be retained in terrestrial environments or eventually
enter marine environments via runoff.

Because of its nutritional and organic content, sludge produced from WWTPs is still
used as a fertiliser in the agricultural field. Most of the MPFs found in WWTPs were
retained in sludge [101]. WWTPs are not designed to filter out MPs/MPFs [123]. According
to Corradini et al. [124], MPs were found at 1849 particles/g, and the majority were fibres,
accounting for 90% of sludge and 97% of soil.

Evidence of MPs’/MPFs’ impact on soil ecosystem functioning and soil stability is var-
ied. Owing to the presence of MPs and the size distribution of water-stable soil aggregates,
evidence showed that fewer seeds germinated. The experiment using MPs and MPFs to
grow the Lolium Perenne plant showed reduced shoot height [125]. Prendergast-miller
et al. [126] studied polyester MFs in the litter-feeding earthworm Lumbricus Terrestris.
They showed that they were not fatal but caused transcriptional responses related to gen-
eral stress, and there was evidence of a change in casting behaviour. On the other hand,
textiles treated with silver nanoparticles released into wastewater and sludge are further
transported to the soil and may cause reproductive impairment in earthworms [127]. In
addition, shorter microplastic fibres can enter the terrestrial food chain via ingestion by soil
vertebrates [128].

A more recent estimate by Gavigan et al. [129] suggested that after emissions from
apparel washing between 1950 and 2016, waterbodies would have received 2.9 Mt of MPFs.
In contrast, terrestrial environments and landfills receive almost 2.5 Mt. The quantity was
nearly as large (and increasing) in terrestrial areas and landfills. Improved wastewater
treatment can shift the MPF emissions from water bodies to terrestrial environments. Fur-
ther examination is necessary to fully understand the transfer of MPFs and the potential
consequences of such transfers, particularly when implementing WWTP retention improve-
ments to mitigate this issue. It is essential to ensure that this strategy does not simply shift
the problem from aquatic to terrestrial environments.
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3.4.8. Hazardous Risk

The concerns regarding MPFs compared to cellulosic fibres, typically those from cotton
and considered a pollution issue, are mainly because polymers are not easily degraded or
decomposed in the natural environment [130]. Once created, they can persist for hundreds
of years and are transferred between different media, resulting in a bioaccumulation effect.
Another concern is that there are thousands of types of chemicals added to the textile
production process to provide specific functionalities and durability that depend on the
intended product applications and are frequently identified in marine environments, which
leach out and transfer to aquatic organisms [131]. Several studies have reported that
MPFs transfer contaminants, such as plasticisers [132], dyes [133], polycyclic aromatic
hydrocarbons, and polychlorinated biphenyls [134]. MPFs can contaminate deep sea
organisms via various physical, chemical, and biological pathways [12].

Several studies have documented that marine MPs were covered by biofilm communi-
ties [135,136]. These organic layers likely acted as reservoirs for hazardous substances such
as persistent organic pollutants (POPs). In addition, this prolongs degradation, as biofilms
can form a protective layer against UV radiation [137]. Furthermore, MPs/MPFs can
function as vehicles to carry harmful pathogenic microorganisms and parasites from stable
biofilms on their surfaces when exposed to wastewater. Their surfaces provide habitats
for microbial colonisation and biofilm formation, allowing the migration of opportunistic
pathogens and invasive species [135,138].

Fibrous MPFs may be more harmful than their spherical counterparts, causing cancer,
scarring, and harm to marine life [139]. Many aquatic species ingested MPFs/MFs, leading
to entanglement, slowed growth, and diminished feeding and reproduction [140,141].
The vast presence of MPFs/MFs in the marine environment has supported evidence
that biota has ingested them directly or potentially along the food chain. They were
present in mussels [142], oysters [143], sea urchins [144], sea cucumbers [145], fish, shrimp,
shellfish [49,146], and even in deep sea organisms [138]. More recent studies have reported
oxidative stress responses in clams [147] and others, and cellular disturbances and thermal
stress responses in mussels [148]. Moreover, the large surface area of MPFs means that
environmental pollutants may be absorbed onto the surface of the particles, with the
potential to be transferred into body tissues once ingested [149,150]. These contaminated
residues can adsorb and concentrate organic pollutants that may be ingested by marine
fauna, which can be subsequently transferred to the food chain and potentially reach
humans [14,22,151,152].

The release of MPFs from drying clothes could represent a source of airborne MPFs.
Recently, increasing evidence of the presence of MPFs in the atmosphere has been re-
ported [153,154]. The flying MPFs inhaled by humans are deposited in the lung tissue
and may lead to tumours. Several studies have shown that respiratory inflammation,
pulmonary fibrosis, and cancer can also be caused by regular and prolonged exposures [85].

There have been growing concerns that natural fibre sources also contributed to
the issue, not to a lesser extent [68]. This may be because of the faster degradation rate
and metabolites available in the marine environment [46,155]. In addition, the higher
biodegradability of natural fibres may also result in a higher chance of releasing chemical
additives [156]. Environmental concerns regarding natural and synthetic fibres also differ
owing to their chemical pollutant sorption behaviours. They possess different fibre surface
properties and chemical bonds which control sorption behaviours, such as electronegativity,
making the adsorption of natural fibres on cationic surfactants relatively higher than on
synthetic fibres [46,62]. The difference in surface attractions showed the potential for
different threads to play distinct roles in hazardous chemical sorption and fate. Therefore,
shifting from synthetic fibres to natural fibres from this perspective does not appear to solve
the pollution issue. The use of less and more sustainable, non-toxic, and nonpersistent
chemicals is believed to be a more holistic approach. Perhaps further research should
evaluate this in greater detail to find a non-regrettable option for different hazardous
impacts from various types of fibres.
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4. Opportunities

Research on MPFs/MFs associated with textile materials has been a prominent area
of focus since 2011. This subject gained more attention in 2019, reaching 61 studies in
2022. Despite some advancements, this field is still in its nascent stages, necessitating
additional research, particularly a systematic approach to sampling, methodology, and
reporting standards that can be applied. Below is a list of priorities with actions that are
recommended to leverage and accelerate progress.

4.1. Interdisciplinary Collaboration

Plastics are used in a vast number of products. Further studies and resources are being
employed to address MP pollution. Since MPs and MPFs have similar chemical structures,
the knowledge gained from MP studies is expected to be referenced, especially regarding
ecological impact and toxicity. However, there is an expectation to report MPFs/MFs in
more detail regarding textile parameters [4], so that the information can be comparable
and reproducible. Nonetheless, it should only partially depart from the MP mainstream
because they have larger communities and stakeholders in the textile sector to leverage their
knowledge, resources, and solutions. MPF studies can also tap into MP studies through
collaborations between academic disciplines. Textile and polymer science researchers
should be desperate to collaborate with ecologists and toxicologists to determine the life
cycle impact of MPFs/MFs [53].

Solutions for improving the effectiveness of washing practices require a multifaceted
approach involving collaborations with washing machine manufacturers, wastewater
treatment facility builders, and promotion of responsible consumer washing habits. This in-
volves engagement beyond primary research communities in the current subject, including
exploring new technologies, implementing stricter regulations, and educating the public.

4.2. Textile Parameters

Textile production uses materials with unique compositions, structures, and properties
to cater to specific aesthetic and functional demands. Therefore, without considering
critical specification parameters, such as fibre count, yarn twist, fabric density, structure,
and finishes, selecting fabrics at random can lead to inconclusive outcomes and hinder a
comprehensive understanding of fibre fragmentation [157].

A better understanding of textile manufacturing processes that result in the increased
release of MPFs/MFs could lead to the development of a textile process that reduces the
release of MF fragments during domestic washing. For example, Pangaia partnered with
MTIX using multiplexed laser surface enhancement (MLSE®) technology to modify fibre
surfaces within a fabric to prevent microfibre shedding [158].

Regardless of the small size and shedding performance of MFs, they may not wholly
resemble the same version, as they are much finer and more vulnerable. Fibre shedding is
a well-known phenomenon in the textile industry, and there is a long history and set of
control and effective reduction measures available for its use [148]. Therefore, remedial
measures can be built on the existing knowledge of shedding.

A good practice guideline was published by [159], and reducing the MF release in
the synthetic textile supply chain could be a starting point. However, it is more critical to
begin referencing it and promote its adoption in the textile industry without further delay
in waiting for the perfect version. Since it was prepared a few years ago, it can be updated
with more refined details and parameters from the latest research.

4.3. Laundry Parameters

The laundry parameter studies concluded that the laundry setting plays a critical role
in reducing MF release. Consumers are advised to wash in cold water and with fewer cycles
and launder clothes when necessary and in full loads [73,160], which indirectly extends
the lifetime of a garment irrespective of conflicting parameters when using detergents and
softeners. This requires changing consumer behaviour when purchasing and caring for
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clothes. Switching to milder washing and drying conditions can be the most cost-effective
solution because it merely involves changing the existing machine settings, consequently
reducing energy.

Most consumers may find it more challenging to adapt to options that incur additional
costs of purchasing a front-loading washing machines that generate fewer MFs or purchas-
ing less high-quality clothing [13]. Indeed, manufacturers of washing machines, tumble
dryers, detergents, and softeners should also contribute by improving their performance in
releasing fewer MPFs/MFs and communicating their impact to consumers.

4.4. Sustainable Chemicals

Although some studies have suggested that fibres from biomass can mitigate MF
release, some people are still sceptical as they may persist after chemical treatment. It is
widely understood that MPs/MPFs/MFs are considered a threat and risk to the ecosystem
and human health due to contaminants [161]. Therefore, it is of higher importance to ban
these hazardous chemicals and move to the use of natural or non-toxic substances in the
production process, which can be more effective in reducing their toxicity and hazard risk
than avoiding synthetic textiles.

However, it is necessary to distinguish the non-degradability of synthetic textiles,
which can become vectors or carriers of other pathogens or pose a physical hazard to
microorganisms, as this will take time to be resolved through sustainable chemistry. The
outcome needs to be differentiated from that of natural fibres [101].

4.5. Renewable Materials and Circularity

Existing solutions are available to shift the use of renewable materials. A commercial
example is Tandem Repeat Technologies, which uses genetic sequencing and synthetic
biology to produce a new fibres based on a unique protein structure originally found in
squid tentacles. In contrast, Natural Fibre Welding provides a sustainable and circular
material that uses plants as a renewable resource.

Since the Earth’s resources are finite, reducing, reusing, and repurposing with an
extended product lifespan is still preferable. Although improving shedding performance
can reduce MF emission quantity, reducing the use, production, and enhanced circularity
of textile materials within the system can effectively reduce MF release, which addresses
the root cause of pollution [153-155].

Currently, the lint filter is the most effective device. Yousef et al. [162] have provided
new modelling to collect MFs and use them as a renewable energy source. This innovative
development transforms MF waste into a new valuable energy resource capable of reducing
the carbon footprint and has the potential to be scaled up.

4.6. Wastewater Treatment

As WWTPs are the major sinks and sources of MPs/MPFs/MFs, a higher retention
rate using advanced treatment technology should considerably influence release reduction.
However, proper sludge handling must be performed simultaneously to ensure that the
problem is not transferred from aquatic to terrestrial environments. Although, practically,
other advanced treatment technologies such as Membrane Bioreactor (MBR) and Zero
Liquid Discharge (ZLD) are available in the industry to reduce water stress and pollution,
they all involve significant investment and time for implementation [7].

Increasing recycled water within WWTPs and reducing wastewater discharge can
be a quick fix. Innovations in dry finishing technologies, such as using carbon dioxide
as a dyeing carrier, is cleaner than wet processing. This is also a new trend that can
help resolve MFs and water pollution in one solution. Combining these benefits has
multiple effects on accelerating the investment decisions. Lack of knowledge and test
methodology, inability to include MPF requirements in sourcing policies from retailers,
and limited financial incentives to invest are the most significant barriers to industrial
transformation [156]. Apart from standardising the testing methodology, incentives such
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as green funds supporting the transformation to innovative technologies are essential to
resolve MF discharge through the aquatic pathway.

4.7. Mitigation Devices

Several studies have evaluated mitigation devices, and non-profit organisations
(NGOs) have been educating and promoting the use of mitigation devices and proper
wash care at the consumer level [163,164]. However, these devices have gained little popu-
larity [48], as some of them were less effective than they had thought, and the users found
them difficult to recognise owing to their impact level.

Although these external devices are convenient, improper waste handling and disposal
potentially mean that the disposal route of MFs is transferred from one end to another. Thus,
they are still incapable of mitigating this issue. Washing machine manufacturers should
have a role to play by building similar performance features into new models, making them
more accessible and practical. It is essential to recognise that relying solely on these devices
may not adequately reduce MF release from this source. Embracing sustainable washing
habits, such as decreasing the frequency of washing and altering purchasing behaviours to
acquire fewer but longer lasting garments, can result in a more impactful outcome.

4.8. Standardised Test Method

Developing methodologies that effectively measure MPF/MF release is necessary
to evaluate solutions and enable science-based decisions. Effective and standardised
methods can help regulatory bodies by holding all stakeholders accountable and defining
the maximum thresholds for releasing MPFs/MFs into the environment, thus realistically
stopping them. A more unified approach using AATCC TM212 [30], ISO/DIS 4484-1 [31],
and the TMC method-2019 [81] is now available for the industry to evaluate MFs from
laundry. There is continued demand to expand its scope to cover drying, air, wastewater,
and sludge. Since synthetic and natural fibre impacts and toxicity mechanisms intrinsically
differ, methods that can enumerate size and quantify separately when the materials are
blended are also important.

The different reporting parameters and insufficient transparency of the methodologies
used have hampered the progress of MP studies. A group of researchers has developed
harmonised reporting guidelines [165]. A similar approach should also be followed in
MPFE/MEF studies, alongside developing a standardised method to guide researchers and
commercial practitioners and ensure that the results are comparable, reproducible, and
reliable for estimating its impact and developing mitigation solutions. Furthermore, it can
facilitate the implementation of regulatory measures.

4.9. Government Interventions

Global legislation to regulate MPFs is imperative; however, only a few regions have
taken regulatory action. Currently, France is the front runner. In 2020, it was the first
country to pass a law that required all new washing machines to have MF filters by 2025.
Apart from taking responsibility for the producer scheme through legislative intervention,
governments also need to improve their waste management and WWTP infrastructures,
which requires large-scale investment [58,159]. On the other hand, funding research to
accelerate knowledge and engage stakeholders is an inevitable action to support policy
development, making them practical and pragmatic for implementation.

Moreover, providing education and information to the public is an indispensable
part of government intervention. Educating consumers to take responsibility for reducing
release in the usage phase must be targeted to reach decision makers who can make
purchasing choices. Consumer behaviours are typically challenging to change, as they
require a shift in values and beliefs, to understand their social responsibilities, and become
part of the solution. Initiatives driven by civil societies that engage communities more
effectively remain vital to continuing the shifting momentum [151,154].
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Existing mitigation solutions are voluntary and market driven. Innovative technolo-
gies require financial investments to scale and make them affordable. Government inter-
vention and investors in scaling are inevitable and often play a critical role in reaching the
tipping point. Socioeconomic factors should not be excluded from resolving sustainability
issues involving systematic change. In reality, some of the solutions are interdependent. For
example, reducing synthetic fibres can increase the demand for natural fibres with a larger
carbon footprint and competing land use and biomaterials in other systems. Therefore,
wider stakeholder groups from cross-disciplines must collaborate to address this cross-
disciplinary agenda and evaluate its impact on the complete lifecycle of related ecosystems
to ensure that it does not negatively impact other industries or the socioeconomic system.

5. Conclusions
5.1. Limitations

Bibliometric analysis is generally viewed as a reliable method, but some degree of
subjectivity remains when choosing articles based on specific keywords. While a set of
219 articles is adequate for conducting main path analysis, expanding the sample size can
yield greater insights into emerging trends, particularly concerning less common keywords
like “fibrous microplastics”, “airborne microplastics”, and “microfibre fragmentation”
found in journal databases. This review used the WOS database, and it is recommended
that other databases and non-traditional publications be included.

WOS consistently updates its database; data downloaded for a specific period maybe
added to after a particular time. According to Pilkington and Meredith [166], CNA treats
all citations as equally important irrespective of the significance of their citation or utility
type. Consequently, the research trends were more robust than the specific numbers per
group. Negative citation is unavoidable, but it is rare and insignificant.

5.2. Outlook

The success of the industry relies on practising sustainable solutions throughout a
product’s life cycle [167]; however, these solutions cannot be isolated because there has been
a systematic change from low technology to an industry that depends on innovation and
sophisticated knowledge of the impact of MPFs/MFs on the environment, human health,
and socioeconomic aspects. Furthermore, this depends on the capability of stakeholders to
work together in a collaborative approach.

The bibliometric analysis used in this review has enabled the systematic utilisation of
publications from all science areas, likely to influence multidisciplinary research topics and
reach a broader audience. Moreover, it is remarkably applicable in the study of MPFs/MF,
as it is more of an interdisciplinary subject of interest requiring a collaborative approach to
accelerate progress.
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Abstract: Mercury (Hg) is a naturally occurring element and has been released through human
activities over an extended period. The major source is the steel industry, especially sinter plants.
During a sintering process, high amounts of dust and gaseous emission are produced. These gases
contain high loads of SOx and NOx as well as toxic pollutants, such as heavy metals like Hg. These
toxic pollutants are removed by adsorbing to solids, collected as by-products and deposited as
hazardous waste. The by-products contain a high amount of salt, resulting in a high water solubility.
In this study, to ultimately reduce the waste amount in landfills, leachates of the by-products have
been produced. The dissolved Hg concentration and its distribution across different charges were
determined. Hg concentrations between 3793 and 12,566 ug L~! were measured in the leachates. The
objective was to lower the Hg concentration in leachates by chemical precipitation with sodium sulfide
(NayS) or an organic sulfide followed by filtration. Both reagents precipitate Hg with removal rates
of up to 99.6% for the organic sulfide and 99.9% for Naj;S, respectively. The dose of the precipitator
as well as the initial Hg concentration affected the removal rate. In addition to Hg, other relevant
heavy metals have to be included in the calculation of the amount of precipitator as well. Between
relevant heavy metals including Hg and sulfide, the ratio should be more than 1.5. The novelty of
this study is the measurement and treatment of Hg in wastewater with a high ionic strength. The
high salt concentrations did not influence the efficiency of the removal methods. An adjustment
of the precipitator dose for each sample is necessary, because an overdose potentially leads to the
re-dissolving of Hg. It could be shown that the emission limit of 0.005 mg L~ could be reached
especially by precipitation with Na,S.

Keywords: sinter plant; mercury; dry gas cleaning; chemical precipitation; leaching

1. Introduction

Mercury (Hg) is a global pollutant with a high toxicity for humans and ecosystem
health. Hg is a naturally occurring element but also is emitted into the ecosystem by
humans over a long time. Generally, Hg is present in the environment in three different
chemical fractions: elemental Hg, inorganic Hg and organic Hg [1]. Predominant in the
atmosphere is the gaseous elemental Hg, which can undergo a long-range transport and
atmospheric deposition into the aquatic systems [2]. Under reducing conditions, bacteria
can form the highly toxic methylmercury, which biomagnifies in aquatic and terrestrial food
chains, resulting in exposure to humans and wildlife throughout the world [3-5]. In EU
freshwaters, mainly Hg, besides a few other ubiquitous priority pollutants, is responsible
for the failure of the good chemical status of the water bodies in many member states [6].
Thermal industrial processes including steel production and especially sinter plants are
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significant emitters of elemental Hg [2,7]. Sintering means the agglomeration of iron ore in
combination with other elements, which is then used in blast furnaces. This leads to the
emission of high amounts of flue gas, accounting for approximately 40% of the total waste
gas volume in the iron and steel industry. Due to the high temperatures, some volatile heavy
metals, like Hg, are released from the feed material to the exhaust gas stream. The flue
gases also contain dust, COx, NOx, polychlorinated biphenyls (PCBs), polycyclic aromatic
hydrocarbons (PAHs), polychlorinated (PCDDs) as well as polybrominated dibenzodioxins
(PBDDs) and furans (PCDFs), acid gases (SOx, HE, HC], etc.), alkali metals, organic carbon
and other pollutants. For the removal of the above-mentioned components from the
flue gas of sinter plants, a very efficient dry gas cleaning system, such as the MEROS
(Maximized Emission Reduction of Sintering) process, can be used. It is a dry-type gas
cleaning process, using carbon-based adsorbents and either hydrated lime or sodium
bicarbonate as absorbent [8]. The absorbent materials used are hazardous waste in secure
landfills. Due to a high concentration of soluble salts, the material is not stable and has to
be stabilized to prevent the release of Hg and other elements into the environment [9]. By
leaching the by-product with water as a pretreatment before landfill disposal, the soluble
Hg is transferred to the water phase and is removed from the waste [10]. Afterwards, the
leached water phase has to be treated to remove Hg and other dissolved heavy metals
to fulfill the emission limits of surface water [8,11,12]. In Austria, the limitation value
for Hg in surface water in accordance with the General Wastewater Emission Regulation
is 10 ug L~! (unfiltered) [13]. The Austrian Quality Target Ordinances for Chemistry of
surface water prescribes a maximal allowed Hg concentration of 0.07 ug L~ (filtered with
a pore size of 0.45 um) [14].

Conventional techniques for the removal of heavy metals from industrial wastewater in-
clude chemical precipitation, adsorption, floatation, ion exchange, coagulation/flocculation
and electrochemical processes [15]. Chemical precipitation is one of the most mature and
cost-effective methods, including hydroxide precipitation, carbonate precipitation and
sulfide precipitation. Metal sulfide precipitation is a crucial treatment in industrial wastew-
ater as well as extractive metallurgy [16,17]. Sulfide sources such as solid FeS, CaS and
Naj,S, aqueous NaHS, NH4S and gaseous H,S are the most commonly used reagents [18].
To control the sulfide concentration in the solution and to prevent an overdosage on an
industrial scale, thioacetamide (CH3CSNH;) is mainly applied as an addition to the precip-
itator [19,20]. Many studies have proven the feasibility of sulfide precipitation for heavy
metals in synthetic solutions [15-26]. Most of the studies do not address Hg or their appli-
cation in high salt-containing wastewater with a high ionic strength and other precipitable
heavy metals at high pH values of 8-8.5.

This study investigates the uptake of Hg from by-products of dry gas cleaning plants
by the water phase (eluates) using leaching and how the Hg concentrations were distributed
in the wastewater produced by different charges of dry gas cleaning dust. Additionally,
two different precipitation agents, Na,S and an organic sulfide (NaS,CN(C,Hs),), for the
removal of Hg from the leaching eluates were compared using calculated removal rates
and discharge limits. Due to the high salt amounts and the presence of other precipitable
heavy metals in the eluates, side reactions of the precipitators can occur, and the optimal
dosing of the precipitator has to be found to reach an effective Hg removal and to avoid
the re-dissolution of HgS. Two different calculation strategies of the precipitator dosing
were applied. To investigate the efficiency of the Na,S treatment and to provide different
handling options for the industry, Na,S was applied as a solid and as a prepared solution
and compared to the Hg removal efficiency of an organic sulfide as solution. The mechanism
of Hg removal in this study is the precipitation with S. Compared to the literature, Hg was
always treated in synthetic solutions or wastewater without high ionic strength. In this
study, high salt-containing wastewater samples were treated, and the results are compared
with the literature.
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2. Materials and Methods
2.1. Description of the Sinter Plant

Solid residues of different charges were collected from the dry gas cleaning system
of a sinter plant. The following design parameters give an overview of the plant size.
The sinter strand is 250 m?, the sinter capacity is 7920 t d ! and the waste gas stream
is approximately 600,000 Nm3 h~!. The designated desulfurization rate and by-product
formation is between 60% and 70% and approx. 620 kg h~!, respectively.

2.2. Sampling

The samples were taken as grab samples from different charges in the period from
2019 to 2021. From sample A-D1, an amount of 120 kg was directly delivered from the
production site to the university and stored in 4 different barrels in the technical lab of the
SIG Institute of the University of Natural Resources and Life Sciences Vienna. The samples
A-D2 to A-D4 were submitted in sizes of about 2 kg in plastic bottles.

2.3. Production of the Eluates and Their Quality

For the water-soluble phase of the samples, 1:10 (mass per volume) eluates were
prepared. First, 100 g of dust was weighted in a volumetric flask and filled up to 1000 mL
with deionized water. The mixtures were stirred for 120 min by magnetic stirrers at room
temperature (20 °C). After sedimentation of the undissolved particles, the samples were
decanted and filtered by membrane pressure filtration (cellulose nitrate, 47 mm diameter,
pore size of 0.45 um; 6 bar). These filtered 1:10 solutions in water are called eluates (e.g., A
stands for the plant, Dn for the number of dust and E for the eluate: A-Dn-E). These eluates
have an initial pH of 8 to 8.5 (20 °C); the quality of the eluates (ions and heavy metals) is
shown in Table 1. In a screening, the ions were measured by ion chromatography and the
heavy metals by ICP-MS, as described in Section 2.7. The Hg concentration in Table 2 is a
calculated mean value of six Hg measurements (see Figure 1).

14
12

10

mg/L

dissolved Hg

A-D1-E A-D2-E A-D3-E A-D4-E
dust sample

Figure 1. Distribution of dissolved Hg in the eluates of the dry gas cleaning dusts of the sinter plant.
Values given as mean values (6 samples) and standard deviation.
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Table 1. Anion and cation concentrations in the eluates of the dust samples used.

Ions (g L—1) A-D1-E A-D2-E A-D3-E A-D4-E
Cl 13 6.7 10 13
K 10 11 9.5 10
SOy 44 45 45 44
Na 24 23 21 24
F 0.09 0.056 0.060 0.11
Br 0.18 0.21 0.22 0.18
NOs3-N 0.034 n. a. 0.046 0.044
Mg 0.018 0.48 <0.0020 0.025
NH4-N <0.0050 0.22 0.091 <0.0050
Ca 0.10 0.23 n. a. 0.060

Note: n. a.: not analyzed.

Table 2. Heavy metals concentrations in the eluates of the dust samples used.

Heavy Metals (mg L—1) A-D1-E A-D2-E A-D3-E A-D4-E
Pb 0.31 0.026 0.80 0.38
Cd 1.2 0.2 1.0 0.00024
Cu 1.1 0.12 0.069 0.42
Fe 0.17 0.014 0.0058 0.0058
Zn 7.1 0.21 1.4 29
Hg 38+15 5.6 +0.8 43+0.1 125+ 04
Mn 22 2.0 2.0 2.1
Cr 0.0018 0.0049 0.038 1.8
As 0.28 0.16 0.016 0.21
\Y 0.096 0.0017 0.0028 0.042
Tl 3.0 0.24 0.59 1.3
Mo 1.5 1.1 1.1 1.2

We found that 85% to 88% of dusts A-D1 to A-D3 and 92% of dust A-D4 are water
soluble. K and Na made up the highest number of cations and Cl and SO4 made up
the highest number of anions in the solutions. Although there are differences within the
composition of the charges, the salts are in the same high-concentration ranges.

The heavy metal concentrations show a high variability between the samples of
different charges with potentially high dissolved concentrations (>1000 pg L~!) of Pb, Cd,
Cu, Zn, Mn, Cr, Tl and Mo and especially Hg.

2.4. Hg Removal Methods

Two different chemical agents were used for the removal of dissolved Hg. The dose of
the precipitator was calculated either based on the molecular concentration of Hg including
different equivalent concentrations between Hg and the precipitators or on the molar
concentration of the heavy metals with a low water solubility in the sulfide form. As
precipitator, NayS as solid or in solution (1 g L~!) as well as an organic sulfide solution (30%
NaS;CN(C,Hs),) were used. The theoretical dosage of each precipitator was calculated
according to two strategies presented below.

2.5. Calculation Strategies of the Theoretical Precipitator Dosage and the Removal Rate

The theoretical dosage of precipitators was calculated according to two strategies.

Strategy 1: The calculation was based on the initial dissolved Hg concentration in the
eluates. Theoretically, 1 mol of Hg?* consumes 1 mol of S>~ and produces 1 mol of HgS.
The mass of the precipitator required by the theory was obtained according to the following
Equation (1):
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(1)
—— = xVxM
M)
Strategy 2: The calculation was based on the initial concentration of precipitable heavy

metals (Pb, Cd, Cu, Fe, Zn, Hg, Mn, Ni, Cr, Tl and Mo) in the eluates. For the calculation of
the amount of precipitator, the following Equation (2) was used:

m(precipitator) = (precipitator) X n 1)

m
m(precipitator) = ZM x V x M(precipitator) x n ()
eavy metals

The dosage of reagents is indicated, e.g., n4, which means 4 times the theoretical mass
of NayS required to precipitate all Hg as well as other heavy metals in the eluate.

The removal rate (R) was calculated according to the following Equation (3):
Co—Cyu )

R =100% x (

& ®)

In all equations, “m” represents the mass of substance with the unit mg; “c” represents
the concentration in mg L~!; “M” represents the molar mass with the unit g mol~!; “V”
represents the volume in mL; “n” is the ratio between the mole Hg and the mole precipitator;
“Cy” represents the initial concentration; and “Cp” represents the final dissolved Hg
concentration in ug L~! after sulfide precipitation and filtration.

2.6. Treatments for the Removal of Hg

All removal experiments were carried out in laboratory scale under the same opera-
tional conditions: 20 °C, initial pH of the eluates 8 to 8.5, 120 mL sample volume, 20 min
mixing time and 40 min of sedimentation. The solids were removed by pressure filtration
(pore size 0.45 pm). Table 3 shows the calculated molar ratios for the experiments carried
out during this research. For all experiments, the Hg concentrations in the untreated eluates
were determined, too.

Table 3. Overview of all treatments to reduce the Hg concentration in the eluates.

Experimental Run Sample Treatment Ratio 1 Ratio 2 Calculation Strategy
Run1 NayS n0.7 n4
Run 2 A-D1-E Na,S nl.1 né Strategy 1
Run 3 NayS nl.8 nl0
Run 4 solid Na,S n3.3 nl9
Run 5 A-DI-E Nas$ sol. n3.3 n19
Run 6 solid Na,S nl.6 n5
Run7 A-D2E Na,S sol. nl.6 n5
Run 8 solid Na,S n3.1 nl2
Run 9 A-D3-E Naj,S sol. n3.1 nl2
Run 10 solid Na,S n2.1 n8
Run 11 A-D4E Na,S sol. n2.1 n8 Strategy 2
Run 12 solid Na,S n3.3 nl9
Run 13 A-DI-E organic sul. n3.3 nl9
Run 14 solid Na,S nl.1 né6
Run 15 A-DZE organic sul nl.1 né
Run 16 solid Na,S nl.9 nll
Run 17 A-D3-E organic sul nl.9 nll
Run 18 solid Na,S nl.4 n8
Run 19 A-DLE organic sul nl.4 n8

Notes: organic sul: organic sulfide solution. Ratio 1: ratio referring to all heavy metals. Ratio 2: ratio referring
to Hg.
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Run 1 to Run 3 tested the effect of the addition of different equivalents of Hg and solid
sodium sulfide (NayS water-free): 1:4, 1:6 and 1:10. The solid NayS treatment applied in
this research was based on the studies of AHM Veeken (2003) [27], Li et al. (2019) [22] and
Prokkola (2020) [23]. The studies confirmed the feasibility of using sulfide precipitation
to remove heavy metals in a multi-metals system from different wastewaters, especially
Hg [28]. Run 4 to Run 11 were designed to study the Hg removal efficiency of sulfide
precipitates by using solid Na,S and a Na,S solution (1 g L™1).

In Run 12 to 19, the efficiency of Hg removal by the treatment with solid Na,S com-
pared to organic sulfide (NaS;CN(C;Hs);) solution was examined.

2.7. Analytical Methods

The dissolved fractions (eluate A-Dn-E) were analyzed for selected ions and dissolved
heavy metals. The heavy metal components were determined by means of ionized plasma
and detection by mass spectroscopy (ICP-MS, ELAN DRC-e, Perkin Elmer, Waltham, MA,
USA) and then quantified according to DIN EN ISO 17294 [29]. The samples were acidified
with 2% HNOj; suprapure, and for the Hg measurement, the samples were stabilized with
5 ppb Au solution additionally. Several dilutions of the samples were analyzed to cover the
different concentration ranges and stay within the working range of the various ions and
heavy metals, and the limits of quantification (LOQ) are listed in Table 4.

Table 4. Limits of quantification for selected heavy metals.

Heavy Metals (ug L-1) LOQ
Pb 0.50
Cd 0.05
Cu 0.50
Fe 1.0
Zn 5.0
Hg 0.10
Mn 0.50
Cr 0.50
As 0.50
\% 1.0
Tl 1.0
Mo 1.0

Ions were separated by a liquid chromatograph (DIONEX ICS 3000, DIONEX Softron,
Germering, Germany) equipped with an autosampler, suppressor and conductivity detector.
For cation separation, a CS12A 250 mm x 2 mm + CG12A 50 mm x 2 mm column was
used, and for anion separation, an AS15 250 mm x 2 mm + AG15 50 mm x 2 mm column
was used. The eluent (mobile phase) for the cation determination was methane sulfonic
acid solution, and for the anion determination, it was potassium hydroxide solution.
All standards were prepared using stock standards (Merck, Darmstadt, Germany), and
dilutions and solutions were prepared with deionized water. Several dilutions of the
samples were analyzed to cover the different concentration ranges and stay within the
working range of the various ions. The dilutions resulted in different limits of quantification
listed in Table 5.

Table 5. Limits of quantification of selected ions.

Ions (mg L-1) LOQ

Cl 0.25-3.0
NO3-N1 0.22-2.5

SOy 1.0-10
POy4-P 0.65-4.9

F 0.1-3.0
Na 0.25-6.5
Ca 0.25-6.5
Mg 0.25-6.5
NH,-N 0.78-14.8
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3. Results and Discussion
3.1. Dissolved Hg Distribution within the Eluates

Over a time period of one year, six eluates per dust were produced, and the Hg
concentrations were measured directly after the production. Figure 1 shows the distribution
of dissolved Hg in the eluates of samples A-D1-E to A-D4-E.

The eluates contain Hg concentrations between 3.7 and 12.6 mg L~!. Differences
can be determined between and within the charges of the plant (for A-D1-E, between 1.4
and 4.7 mg L~! (Table 6) and the standard deviation in Figure 1) that were taken over
a time period of one year. The mean value and standard deviation for all samples were
calculated with six values. Especially the sample A-D4-E contains a high concentration
of dissolved Hg (12.6 mg L~1). The Hg concentrations in all eluates exceed the emission
limit value of 0.005 mg L~! and have to be reduced. Although the dusts were sampled in
small amounts (sample A-D1, A-D2 and A-D4), the results show inhomogeneities and high
standard deviations within the dust samples.

Table 6. List of all experimental runs with related sample used, precipitation agent and applied ratio,
the initial Hg concentration of the sample as well as the reached Hg concentration after the treatment
and the calculated removal rate.

. . Initial Hg Final Hg Removal
Run Sample Treatment Ratio 1 Ratio 2 (mg/L) (mg/L) Rate (%)
Run1 Na,S n0.7 n4 0.0078 99.7
Run 2 A-D1-E NayS nl.1 né6 24 0.0056 99.8
Run 3 NayS nl.8 nl0 0.0056 99.8
Run 4 solid Na,S n3.3 nl9 0.021 99.6
Run 5 A-DI-E NayS sol. n3.3 n19 47 0.015 99.7
Run 6 solid Na,S nl.6 n5 0.0060 99.9
Run 7 A-D2-E Nay$ sol. nl.6 n5 56 0.0083 99.9
Run 8 solid Na,S n3.1 nl2 0.0018 99.9
Run 9 A-D3-E Nay$ sol. n3.1 n12 43 0.013 99.7
Run 10 solid Na,S n2.1 n8 0.014 99.9
Run 11 A-DA-E Na,$ sol. n2.1 n8 12.6 0.031 99.7
Run 12 Solid Na,S n3.3 nl9 0.010 99.3
Run 13 A-DI-E organic sul. n3.3 nl9 14 0.018 98.7
Run 14 Solid Na,S nl.1 né 0.070 98.1
Run 15 A-DZE organic sul nl.1 n6 38 0.29 922
Run 16 Solid Na,S nl.9 nll 0.00098 99.9
Run 17 A-D3-E organic sul nl.9 nll 45 0.016 99.6
Run 18 Solid Na,S nl.4 n8 0.054 99.6
Run 19 A-DLE organic sul nl.4 n8 129 1.6 87.5

Notes: organic sul: organic sulfide solution. Ratio 1: ratio referring to all heavy metals. Ratio 2: ratio referring
to Hg.

The variation in the Hg concentrations can be explained by differences in the raw
materials, especially the lignite coal and the inhomogeneity in the dusts caused during
formation [10]. The Hg amount in the lignite coal depends on the origin; many authors
have presented data between 0.01 and 1.5 mg kg~ lignite coal depending on the country
of origin [30-32]. The literature presents studies where leaching is used to remove Hg from
contaminated soil. But there is a lack of studies where leaching is used as a Hg removal
method of the specific by-products of dry gas cleaning plants. Leaching as pretreatment before
depositing avoids the necessity of removing the Hg from the contaminated soil [33-35].
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3.2. Treatments for Removal of Hg

Table 6 shows the results of the treatment experiments for the Hg removal with Na,S
and organic sulfide solution. The results of Run 1 to Run 3 indicate the effect of different
NayS concentrations on the Hg removal. The dosage of the two precipitators in Run 1 to
3 was calculated according to Strategy 1 and in Run 4 to 19 according to Strategy 2; for a
better comparison, both calculated ratios are given in Table 6.

Generally, higher ratios resulted in better removal rates of Hg with Na,S. The addition
of solid Nay5 resulted in mostly lower final concentrations than the addition of a prepared
NayS solution. By comparing the final Hg concentrations after Na,S treatment to that
after organic sulfide addition, the values are always lower after the Na,S treatment. This
indicates that treatments with solid Na;S are more effective. In practical applications,
treating with a NayS solution increases the total amount of water volume by approximately
0.7% to 2%. Given that a substantial amount of water is already required to dissolve the
dust, this would result in a waste of water resources. The use of solid Na,S gave slightly
better results, but the technical feasibility for the application and dosage for treatment
needs to be evaluated. Unfortunately, a high removal rate does not result in fulfilling the
different national emission standards. Even if the removal rate of the same dust sample
reached >99%, the methods have to be adjusted and optimized to reach the limited emission
values of 0.005 or 0.01 mg L~! for the discharge into a receiving water body. Therefore,
the removal rate is not sufficient to assess the appropriateness of the removal methods.
Although a higher Hg removal with NayS could be reached, for the application at an
industrial scale, the use of organic sulfide solution is recommended, because under acidic
conditions, toxic HyS gas is released from NajS. As the treatment with organic sulfide
obtained removal rates over 87%, with an optimization and adjustment, the limitation
values could probably be reached, too. Although the focus was on the precipitation of
Hg, other water-insoluble sulfides of heavy metals in the eluates need to be considered.
Therefore, the resulting final concentrations of Hg in relation to the applied sulfide ratios
according to the two calculation strategies are shown in Figure 2.

4

ratio referred to all heavy metals

1 1.5 2 0 0.5 1 1.5 2

final Hg concentration mg/L

(b)

Figure 2. (a) Relation between the final dissolved Hg concentrations and the ratio referred to the
initial Hg concentration; (b) relation between the final dissolved Hg concentrations and the ratio
referred to the initial concentrations of precipitable heavy metals. Y-axis has different scales.

119



Water 2024, 16, 1948

Figure 2 demonstrates that the consideration of the concentrations of relevant heavy
metals including Hg gives more consistent data, as they are also relevant because they
react with sulfide, too. Figure 2 shows that ratios in which all heavy metals are below 1.5
do not result in sufficient low Hg concentrations. Therefore, the optimized dosage has
to be calculated according to Strategy 2, referring to all heavy metals in ratio exceeding
1.5. In the study of Han et al. (2014), Hg was removed from synthetic wastewater by FeS
particles [36]. The molar ratios used of Hg and FeS were n 1, n 2 and n 2.5. With the ratio n
1, more than 99% of Hg could be removed. The ratios n 2 and 2.5 showed removal rates
of 96% to 97%. Summarizing, Han et al. found that a ratio of 1 resulted in a better Hg
removal compared to the higher doses. Our study showed that the ratios referring to Hg
are not consistent for an effective Hg removal. Our results are not in line with the study
of Han et al., but the important difference is the composition of the wastewater used. For
the experiments of Han et al. (2014) [36], synthetic solutions were used without any other
substances that could react with sulfide. These results confirm the hypothesis that in real
wastewater with a high ionic strength and other heavy metals, sulfide also precipitated with
the heavy metals, and less of the total added sulfide is available for Hg [17,18,37]. The study
of Chai et al. (2010) showed a Hg removal with Na,S from 48 to 0.12 mg L! in a synthetic
solution without any other sulfide reactants contained and a molar Hg to NayS ratio of 1:16
at pH 9 [38]. These results are in line with the removal effort of our study. Hg can also
form complexes with salts like Cl and the soluble HgCl, complex, and due to that, not all
Hg ions are available for the precipitation with sulfide [39,40]. Pb, Cd, Cu Fe and Zn react
with sulfide too, and according to their low chemical solubility, they form insoluble sulfide
precipitates and thereby can be removed from the wastewater by filtration or sedimentation
afterwards [41]. It is an effective technique for the Hg removal but sensitive to overdosage
due to the formation of soluble Hg—polysulfide complexes [37,39,42]. Sulfide precipitates
are not amphoteric, so a high degree of metal removal in a shorter time over a wide pH
range can be achieved [17,18].

A number of studies showed that Na,S is also a method used to remove other heavy
metals (for example, Zn, Cu, and Pb). Table 7 provides measurements for different HMs
for Run 1 to 3. For these experiments, relevant heavy metal concentrations were measured
in the untreated eluates as well as after the treatment with solid Na,S in different ratios
(Table 7 and Figure 3).

En0.7
nll
mnls8
Pb Cd Cu Fe Zn Hg Vv Tl

Figure 3. Removal rates of selected heavy metals after treatment with solid Na,S in different
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Table 7. Dissolved concentrations of heavy metals in eluate A-D1-E before and after treatment with
different concentrations of solid Na;S, and the ratios refer to all heavy metals.

Initial Conc. Final Concentrations
Heavy Metal (mg L—1)

A-D1-E n0.7 nl.1 nl.8
Pb 0.31 0.0027 0.0016 n.a.
Cd 1.2 0.0048 0.0051 0.093
Cu 1.1 0.012 0.11 0.11
Fe 0.17 0.013 0.0062 0.0068
7n 7.1 0.37 0.018 0.63
Hg 24 0.0078 0.0056 0.0056
A% 0.096 0.018 0.017 n.a.
Tl 3.0 n.a. 0.51 n.a.

Notes: n.a: not analyzed.

Table 7 and Figure 3 show that a higher ratio of solid Na,S does not necessarily lead
to a higher removal of HM. A Na,5 ratio of 1.1 resulted in the removal rates of Hg, Pb, Cd,
and Zn being higher than 95%, while those of Fe and Cu were higher than 90% and V and
that for Tl was over 80%. For Hg, the ratio (Strategy 2) should be more than 1.5, but the
application of an excessive amount of NayS would cause material waste and a secondary
pollution due to the excess of sulfide [37]. Due to the high salt concentrations and the other
present metals, it is expected that the precipitants do not only form insoluble complexes
with Hg; the other metals are precipitated, too. For an efficient removal, the adjustment of
the precipitator in the initial concentration of all precipitable heavy metals will be necessary.
Due to the formation of the soluble Hg—polysulfide complexes, the Hg concentration can
increase after the precipitation again, because this complex is not stable. The results show
that also other heavy metals like Cu, Zn, Ni and Sn form soluble complexes with S, which
supports the reported results in the literature [24,25,43]. The work of Fukuta et al. (2004)
showed removal rates of 94.5% for Cu (pH 1.5), 75.9% for Zn (pH 2.5) and 65.9% for Ni
(pH 5.5-6.0) [25]. A further study of Mahdi et al. (2012) showed that 90% of Cu, Ni and
Zn could be reduced from a synthetic solution with NayS in 30-60 min with the additional
control of the sulfide concentration in the solution with thioacetamide (CH3CSNH;) as
an addition to the precipitator to prevent the overdosage [19]. The work of Silvia et al.
(2017) presents Cu, Zn and Ni removal over 90% with H,S gas [20]. The results of both
studies are comparable with our study and show that the use of H,S is as efficient as
Na;S for the removal of Cu, Zn and Ni. In another study, heavy oil fly ash with over 9.0%
(weight per weight) of sulfur content has removed 99.99% of Cu from a synthetic solution
under optimal operational conditions [26]. The removal treatments in all of the mentioned
studies were applied to synthetic solutions, and different sulfide sources were used. The
comparison of the results of the experiments of this study show that the removal rates are
in the same range, although the wastewater used in our study had a high ionic strength.
The concentrations of salts in the treated solution did not have an impact on the efficiency
of heavy metal removal by sulfide precipitation from different sulfide sources, but as the
comparison with the study of Han et al. showed, other heavy metals react with sulfide too
and are removed as precipitates [36].

3.3. Cost Analysis of the Hg Removal Process

The amount of precipitator used in all of the experimental Run s is projected to
the necessary amount for an industrial-scale plant, and the costs are calculated for each
precipitator. The gas cleaning plant produces 620 kg by-product per hour. By dissolving
this amount in a 1:10 dilution in water, approximately 6200 L eluate is produced per hour.
The average price of Na,S with a purity +90% is 7440€ kg ~! (Merck), and for organic sulfide
(NaS,CN(CyHs),) with a purity +90%, it is 396 € kg_1 (Merck). Table 8 shows the costs for
each Run.
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Table 8. Statement of costs for the Hg removal for 1 h.

Na2S Organic Sulfide

Run1 369 € h~1 Run 13 16 €h~!
Run 2 600 € h~! Run 15 5€h!
Run 3 876 € h~! Run 17 9€h!
Run 4 1661 €h~1 Run 19 7€h1
Run 5 1661 € h1

Run 6 461 €h!

Run 7 461€h1

Run 8 1015 €h1!

Run 9 1015 € h1

Run 10 692 € h~!

Run 11 692 € h~1

Run 12 1661 € h~1

Run 14 554 € h~!

Run 16 876 € h1

Run 18 692 € h~!

The cost analysis shows that the use of Na,S is more expensive than the organic sulfide.
In Run s 13 and 17, low final Hg concentrations of 18.2 ug L~! and 15.9 ug L~! Hg were
reached. These results conform the use of organic sulfide for the industrial application.

4. Conclusions

The eluate produced from dry gas cleaning dusts in this study contains 85% to 92%
of salts, and therefore the reaction might not be easily predicted from chemical reaction
constants. Measurement of different eluates, produced separately from the same dust
samples at different times, resulted in a high standard deviation of the dissolved Hg
concentrations, and this was also true within single samples. High differences were also
observed between different sample charges of the considered plant. Therefore, intensive
investigations of the relevant heavy metals in the eluates are required for the optimized
dosage of sulfide precipitators.

All dissolved Hg concentrations in the eluates exceeded the Austrian emission stan-
dard for surface water of 0.010 ug L~!. Due to this fact, the Hg concentration has to be
reduced before discharging the wastewater into surface water.

The treatment with Na,S and organic sulfide solution showed high Hg removal rates
between87.5% and 99.99%, depending on the type of precipitator and its dosage as well
as the initial Hg concentrations. Sulfide does not only react with Hg; there are also other
relevant heavy metals that have to be considered in the calculation of the optimal amount
of precipitator; but an overdosing of the precipitator can re-dissolve Hg.

The testing of different ratios between heavy metals and the precipitator showed that
a ratio of more than 1.5 (according to Strategy 2) is necessary to reduce Hg appropriately.
With Naj5, a better Hg removal was reached compared to the organic sulfide solution, but
for the application at an industrial scale, the use of organic sulfide solution is recommended
because under acidic conditions, Na,S reacts to toxic H,S gas.

NayS can be applied as a solid but also as prepared solution. The solution would
increase the amount of water up to 2%, but as a solution, the adding of the precipitator
in the wastewater and the homogenization would be easier at a technical scale. For the
evaluation of the removal performance, the removal rate is not an appropriate parameter,
but the final dissolved concentrations must be used. The precipitation experiments in this
study showed that with Na,S treatment, it is possible to reach the effluent emission limit
for Hg for different countries.

In addition to Hg, some other heavy metals precipitate with sulfide too and can be
removed with Na,S from the wastewater produced.
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The cost analysis confirms the use of org. sulfide, because it is less expensive, and
with optimization, it can remove Hg efficiently as well.
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Abstract: Permeable concrete is a class of materials that has long been tested and implemented
to control water pollution. Its application in low-impact development practices has proved its
efficiency in mitigating some of the impacts of urbanization on the environment, including urban heat
islands, attenuation of flashfloods, and reduction of transportation-related noise. Additionally, several
research efforts have been directed at the dissemination of these materials for controlling pollution
via their use as permeable reactive barriers, as well as their use in the treatment of waste water and
water purification. This work is focused on the potential use of these materials as permeable reactive
barriers to remediate ground water and treat acid mine drainage. In this respect, advances in material
selection and their proportions in the mix design of conventional and innovative permeable concrete
are presented. An overview of the available characterization techniques to evaluate the rheology of
the paste, hydraulic, mechanical, durability, and pollutant removal performances of the hardened
material are presented and their features are summarized. An overview of permeable reactive barrier
technology is provided, recent research on the application of permeable concrete technology is
analyzed, and gaps and recommendations for future research directions in this field are identified.
The optimization of the mix design of permeable reactive concrete barriers is recommended to be
directed in a way that balances the performance measures and the durability of the barrier over its
service life. As these materials are proposed to control water pollution, there is a need to ensure that
this practice has minimal environmental impacts on the affected environment. This can be achieved
by considering the analysis of the alkaline plume attenuation in the downstream environment.

Keywords: permeable concrete; mix design; preamble reactive barriers; acid mine drainage; remediation;
pollutant removal

1. Introduction

All life forms on our planet need water to function properly; this need is attributed to
the chemical composition of this compound, in which water is a polar covalent molecule,
which supports its use as a solvent for many nutrients and, subsequently, their transport
throughout living organisms. In addition, water is the main ingredient used to form
different fluids that are needed to protect and lubricate biological tissues; it helps in
controlling the body’s temperature and acts as a medium for the chemical reactions of
enzymes [1]. Nearly 97.5% of this natural compound is saline, and only 0.3% is surface fresh
liquid water that is distributed in lakes, rivers, swamps, soil moisture, and the atmosphere.
The limited amount of easily accessible fresh water and its necessity for life’s continuation
were the main drivers of the identification of the provision of clean water and sanitation
as one of the Sustainable Development Goals (Goal 6). In addition, the availability of
freshwater of acceptable quality is the driving force to achieve Goals 2, 3, 8, and 9 (i.e.,
zero hunger; good health and well-being; decent work and economic growth; and industry,
innovation, and infrastructure) [2]. Moreover, preventing and controlling pollution that can
spread because of the improper management of solid wastes and wastewater is a key aspect
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of achieving Goals 11, 14, 15, and 17 (i.e., sustainable cities and communities; life below
water; life on Earth; and partnership for goals) [2]. Hence, several efforts are being carried
out worldwide that aim to ensure the sustainable provision of water with acceptable quality
by preventing and controlling the pollution of surface and ground waters. These efforts
focus on the investigation of new materials and/or systems to evaluate their potential
implementation in preventing and controlling water pollution, where passive engineering
barriers play an important role in this field via the application of permeable barriers that
can remove pollutants from different types of water.

Conventional cement-based materials is a class of materials that have been used for
decades to support human civilization, and they depend on the use of a hydraulic binder
to bond fragmented particles. Upon the hydration of the binder, new hardened materials
with enhanced physical and mechanical properties are formed. The properties of the fresh
and hardened materials can be tolerated by changing the mix design, i.e., changing the
additives and admixtures, water-to-cement ratio, finesse, and type of cement used [3]. The
hydration reaction products include major hydration phases (i.e., calcium silicate hydrate
(C-S5-H), portlandite (CH), and ettringite (AFt)); minor hydration phases (e.g., monosulfate
and hydrogarnet); and the heat of hydration. The proportion of these phases is dependent
on the mix design and the curing conditions [3-6]. These hydrated phases determine the
properties of the hardened cement-based materials and the evolution of these properties
overtime [6,7]. Conventional cement-based materials are heavily used in the construction
sector and in environmental protection and restoration. In particular, the application of
these materials in environmental protection encompass many fields, including rock repair
and enforcement, the design of disposal facilities for hazardous and radioactive wastes, the
stabilization and solidification of hazardous and radioactive contaminants, and water and
wastewater treatment [8-21]. This wide range of applications is supported by the low cost
of these materials and their availability, the accumulated knowledge and experience from
operating these materials, and the ease of engineering the hardened materials that ensures
the attainment of the required performances.

Permeable concrete, also known as pervious concrete, is a subclass of cement-based
materials that is tailored to have a characteristic interconnected and tortuous macroporous
structure by eliminating the use of fine aggregates [22-25]. This subclass of cement-based
materials is receiving increased interest in research to enhance its application in the preven-
tion and control of water pollution due to its following characteristics [5,8,16-20,22,25-31]:

e Input materials that are available and produced through standardized production
methods. Additionally, they are low cost, which reduces the cost of pollution preven-
tion and control practices;

e  Preparation/construction requiring the use of simple devices (e.g., mixers at room
temperature) that have a record of long use and experience;

e  Characteristic porous structure allowing for its use as a filter and the passage of water
without the need to enforce this passage, in addition to having a high specific surface
area that enhances the sorption of containments;

e  The presence of the amorphous and crystalline hydration phases providing sites for
the chemical and physical entrapment of different anions and cations;

e  The hydration of the cement creates highly alkaline conditions leading to the precipi-
tation of most of the metallic contaminants;

e  Ecofriendly permeable concrete has the potential to reduce the material and energy
footprints of these water pollution prevention and control practices, as well as to
reduce greenhouse gas emissions.

The interest of the scientific community in studying permeable concrete, its dura-
bility, and its use as barriers can be recognized by analyzing the number of publications
indexed in the Scopus database (Figure 1). This analysis was conducted by constraining
the search in the database using the Boolean operator “AND”, whereby the total number of
documents that mentioned the words “permeable” and “concrete”, starting from 1944 to
15 September 2023, was 2056 documents. The restriction of the search to the durability
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of permeable concrete and permeable concrete barriers reduced the total number of doc-
uments to 411 and 121, respectively. Figure la,b visualize the variation of the annual
published works over the past twenty years and their distribution based on the type of
document. It is clear that the scientific interest in this research field increased over time,
declined in 2014, then increased again, only to decline again in 2022. It should be noted
that the records in 2023 are not final, as the search was conducted in the fourth quarter of
the year. The average ratios between the number of publications that addressed perme-
able concrete durability and permeable concrete barriers relative to those that addressed
permeable concrete are 0.21 and 0.09, respectively. This indicates that durability studies
on these materials are addressed in one-fifth of the publications, and their use as barriers
represent approximately10%. Most of the published works are research articles published
in journals, as indicated in Figure 1b, in which the average ratios of the publications, in-
dependent of the type of document, are fairly constant. The geographical distributions
of the published works are illustrated in Figure 1c—e; for this part of the analysis, the
national contributions that had less than 1% of the total publications were summed with
the undefined category under the name “Other”. The United States and China represent
the major contributors in the “permeable AND concrete” (Figure 1c) and “permeable AND
concrete AND barrier” (Figure 1d) research topics, whereas India and China are the main
contributors in the topic “permeable AND concrete AND durability” (Figure 1le). Through
applications of permeable concrete materials in low-impact development practices, their
efficiency in mitigating some urbanization impacts on the environment has been proven,
e.g., urban heat islands, attenuation of flashfloods, and reduction of transportation-related
noise [22,32-35]. Some recent review papers have been published that summarize different
aspects of these applications, including the state-of-the-art development of these materials
and their characteristics, performance, application, and sustainability [32-35]. In addition,
research efforts have been directed at disseminating the use of permeable concrete not
only for preventing water pollution through their use in low-impact development practices
but also for controlling pollution via their use as permeable reactive barriers and their
use in the treatment of waste water and water purification [18,21,24,25,30,31,36,37]. These
applications for controlling water pollution need to be assessed in light of the acquired
knowledge from the application of these materials in low-impact development practices
over more than three decades and recently published research in these areas. The aim
of this work is to assess the application of permeable concrete materials in the control of
water pollution through their application as permeable reactive barriers. In this respect, an
overview of both conventional and innovative permeable concrete mix design and their
characterization is presented. Permeable reactive barrier technology is reviewed, recent
studies on the application of permeable concrete with this technology are analyzed, and
gaps in this field are identified.

127



Water 2023, 15, 3867

200 T 1600
180 7; ¥ Permeable &Concrete 1400 ‘E ¥ Permeable &Concrete
160 | © Permeable & Concrete & Barrier 1200 T w Permeable & Concrete & Barrier
140 : H Permesble & Conerete Durability . o ¥ Permeable & Concrete Durability
; ; 3 1000 +
2 10+ % i
= H ] L
= H 5 800 ¢
y 100 4 = F
= i E o0 |
E 80 z E
z H I
60 400 E
T 200
20 1 : o —
0 L Article Conference Review Book Chapter
Paper
2023 2019 2015 2011 2007 2003
Year Document Type
@ (b)
Permeable &Concrete Permeable & Concrete & Barrier
Switzerland
X X 2% Malaysia
Umkd]fmgdom % g Brazl Germany
3% 2% 3%
(c) ()

Permeable & Concrete & Durability

Turkey
2%
South Africa
2% Iran
2%

South Korea

Malaysia
3%

(€

Figure 1. Bibliometric data analysis: (a) annual variation of the published works; (b) type of the
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2. Permeable Concrete Mix Design

In general, the design of any cement-based material mix is dependent on the identi-
fied function of the hardened material. Depending on the application of these materials,
processing and performance requirements should be defined [38]. Most of the review
articles that addressed the preparation of permeable concrete only focused on the perfor-
mance requirements of the produced material (i.e., mechanical, hydraulic, and durability
requirements) with little focus on their processing requirements [26,32-34,39-43]. Currently,
there is only one available valid standard test for this class of cement-based materials that
address the measurements of the infiltration rate through the in-place barrier: ASTMC
1701/C1707M-17a. This test is a performance test and is related to the application of
the permeable concrete as pavement. Both conventional and innovative cement-based
materials were tested for their application in the production of permeable concrete, in
which alkali-activated materials were recently investigated for this purpose [26,30,39-43].
In this section, advances in material selection and their proportion in the mix design of
conventional and innovative permeable concrete are presented.

2.1. Conventional Permeable Concrete Mix Design

Conventional permeable concrete is manufactured using ordinary Portland cement
(OPC), where type 1 is the most used in research investigations, with coarse additives,
little or no fine aggregate, admixtures, and water. The hardened materials are designed
to have interconnected pores (2-8 mm in size), and dead-end and capillary pores [32].
They should contain 15-25% voids with an acceptable compressive strength in the range of
2.8-28 MPa [44]. In this respect, OPC is used to provide a coating layer on the coarse aggre-
gate, which is required to bond the aggregates, sustain certain mechanical and hydraulic
properties, and ensure its durability over its service life. During the optimization of the
mix design, the following general requirements maybe considered:

e A water-to-cement (w/c) ratio optimized in the range 0.25-0.45.Increasing the water
ratio is an advantage for the formation of porous materials, but it will reduce the
thickness of the final cement coat on the aggregates, as the paste will have a high
flowability [23,32,44,45];

e A coarse-aggregate-to-cement ratio in the range of 4:1 to 6:1, in which the volume of
aggregate in the hardened materials occupy 50-65% [23]. The grading of the aggregates
should be optimized to control the void ratio of the hardened product, whereby single-
sized coarse aggregate or narrow-grading coarse aggregate (e.g., between 9.5 and
19 mm) can be used [44,46];

e  The use of admixtures in the permeable concrete to control the workability of the paste
without greatly increasing the water content, retarding or accelerating the hydration
process, and improving the freeze-thaw durability [44,46].

Alternative materials have been investigated to replace cement and/or aggregates to reduce
the environmental impacts associated with their use and to improve the performance of hardened
permeable concrete [33]. In this respect, natural materials and industrial and agricultural wastes
have been investigated for their applications as supplementary cementitious materials (SCMs)
and/or replacement of aggregates. Figure 2 represents the mix design of permeable concrete with
no replacement (Figure 2a) and the partial replacement of cement (Figure 2b) and aggregates
(Figure 2¢) [47]. Additionally, several materials have been tested for their application as admixture,
fibers, or functional materials to enhance certain properties of the paste/fresh and hardened per-
meable concrete. Table 1 lists some examples of different materials that have been investigated for
their application as alternative SCMs, aggregates, and fibers [11,20,25,31,37,48-95]. Recent review
articles were devoted to addressing the effect of solid waste reuse [47] and the use of functional
materials on the properties of hardened permeable concrete [48,49]. Several research papers investi-
gated the use of different fibers to reinforce permeable concrete, in which natural fibers, industrial
wastes, and organic and inorganic chemicals were investigated [51,54,57,67,75,78,81,85,86,90].
Additionally, some research papers employed several admixtures, i.e., superplasticizer and water-
reducing and air-entrapping admixtures to control the fresh and hardened permeable concrete
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properties [25,52,61,94,96]. Finally, functional materials (i.e., chemicals)have been investigated
for their effects on enhancing the mechanical properties and pollutant-removal performance of
permeable concrete, e.g., reduced graphene [36], nano-iron oxide [52,59,62], and nano-titanium
oxide [63]. Limited research has proposed the coating of aggregates to improve the fresh paste
concentration at the aggregates’ joints [73] or to enhance their mechanical, sorption, and leaching
performance [93]. It should be noted that coating the aggregates was reported to be a nonstan-
dard practice for concrete producers and can increase the overall price of the final produced
materials [97].

Cement

Waste powder

Water Cement Water

Cement

P ol AR S A N R ORI oate
Coviitos PR
Vet Beae SRS

(a) No replacement

(b) Cement replacement (c) Aggregate replacement

Figure 2. Schematic presentation of the use of alternative materials to replace the cement and
aggregated in conventional cement mix design (copyrighted [47]).

Table 1. Alternative SCMs, aggregates, and fibers investigated to prepare permeable concrete.

SCMs Aggregates Fibers
Material Refs. Material Refs. Material Refs.
. Metakaolin (MK) [53,61] Basalt [51,56,63,79] Basalt fibers [78,86]
g.- Lignite [50]
’2’. Limestone [20,51,52,59,66,71,80]
=] .
2 Nano-clay [81,90] Granite [31,84,88,92] Jute fibers [54]
;’i:: Pumice [51,90]
w
Zeolite [20]
[11,25,31,52,53,55— Recycled concrete g L L
Fly ash 60,89,94] aggregate [60,64,66,70-73,81,90] Plastic fibers [81,90]
= Blast furnace slag [25,54,64,66-69] Recycled brick [74-77]
a aggregate
§ Volcanic ash [65] Iron slag [20]
g Copper slag [64] Steel slag [79]
8 Silica fume [25,56,61,80-82,89] Fine saw dust 571
o
¢ Calci bid 84
afcium carbide [84] Crumb rubber [82]
Sugarcane
bagasse ash (951
Petioles from
0§ Biochar [37,83] Sterculia [91]
e foetida plant N-A *
=
2 . Oil palm
% Rice husk [84,85] kernel shell [92]
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Table 1. Cont.

SCMs Aggregates Fibers
Material Refs. Material Refs. Material Refs.
Steel [51,75,81,85,
and steel 86,90]
Q wool fibers ’
o
8, Nano silica [59,87,88] N-A* Polypropylene  [51,67,75]
[}
S, Polyphenylene
¢ sulfide [85]
Glass [85]

Note: * N-A not available

2.2. Innovative Permeable Concrete Mix Design

Permeable concretes based on the use of innovative cements has also been prepared
and investigated, and this includes geopolymers, magnesium phosphate cement, and
calcium sulfoaluminate cement [26,30,39—43,98-102]. Most of these research efforts have
focused on the use of geopolymers with limited investigation of the use of magnesium
phosphate cements, and only one paper, to the knowledge of the authors, proposed a
combination of ordinary Portland cement and calcium sulfoaluminate cement [102].

2.2.1. Permeable Geopolymers Concrete

Geopolymer is a relatively new class of alkali-activated cement-based materials that
is prepared using aluminosilicate source(s) and alkali-activating solution(s). Natural min-
erals, industrial wastes, and chemicals can be used to prepare geopolymers [41,103,104].
Metakaoline (MK) is the most used natural aluminosilicate source, whereas fly ash (FA),
slag, red mud, and biomass fly ash are the most used waste materials for the same pur-
pose [39,41,105-108]. Other natural materials have been used in the preparation of geopoly-
mers, including bentonite and feldspar, but to the knowledge of the authors these natural
aluminosilicate sources have not been investigated to prepare permeable concrete. Dif-
ferent alkali-activating solutions are used for the preparation of geopolymers, including
NaOH, KOH, water glass, or a combination of them [39,41,103]. The main binding phase
in hardened geopolymers is aluminosilicate gel, and it is classified based on its Si/ Al ratio
into poly(si-alate) (Si/ Al = 1) and poly(sialatesiloxo) (Si/ Al = 2), and poly(sialate-disiloxo)
(Si/Al = 3) [103,104]. As in any cement-based materials, the final the properties of the
hardened geopolymers are strongly dependent on their mix design and curing conditions,
in which the value of the silicon-to-alumina ratio effectively changes the composition of
the hardened geopolymer as follow [6,103,105,106]:

e  Crystalline zeolite is formed in geopolymers at 5i/Al < 1;

e  Geopolymers of reduced porosity are formed at 1 < Si/Al < 2;

e The porosity of geopolymers are dependent on the solubility of the Si source at
2 <Si/Al

Permeable geopolymers can be prepared using different methods to produce a wide
variety of materials with distinctive porous characteristics, and these methods can be
categorized into the self-forming method (SFM; Figure 3A), direct foaming method (DFM;
Figure 3B), adding filler method (AFM; Figure 3C), and particle stacking method (PSM;
Figure 3D) [41]. Table 2 lists the features of these methods, the general pore structure
characteristics of the hardened geopolymers, and their applications.
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(A)

SFM

Figure 3. Schematic diagram and photos of the preparation method of porous geopolymer (copy
righted from [41]).

DFM

AFM

Table 2. Features of the porous geopolymer preparation methods [41].

Method Preparation Pore Characteristics Applications
The porous structure is . .
SFM self-formed without the addition Porous structure cannot be observed directly Sorph(?n '
. Pores are small Membrane filtration
of any material
Foaming agents, surfactants, or Large pore diameter that can directly be F)bserved Building insulation
DFM Noted circular pores on the surface and irregular oy O .
both are used . Building lightweight
internal bubbles pores
Various applications including
AFM Porous filler or materials Reflects the filler’s pore structure rather than that Adsorption
are added between the filler and geopolymer Ultralight weight
Building insulation
The pore structure is formed in geopolymers or
PSM Bonding of the aggregates between the aggregates and geopolymers Porous pavement

The pore diameter is related to the aggregate size Permeable concrete

Pores are observed directly

2.2.2. Permeable Magnesium Phosphate Concrete

Magnesium phosphate cements are formed through reactions between MgO and phos-
phates to form a magnesium phosphate salt with cementitious properties [5,6,98,100,101].
Magnesium phosphate cement is characterized by its fast hardening, near-neutral pH,
low water demand, high adhesive strength to metals and concrete and high bending and
compressive strength [5,6]. Acid phosphate anions (e.g., mono-potassium di-hydrogen
phosphate, mono-sodium di-hydrogen phosphate, mono-ammonium di-hydrogen phos-
phate, and di-ammonium hydrogen phosphate) are used as phosphate sources or aqueous
phosphoric acid [5,6,98,100,101,109,110]. The main final phase in hardened magnesium
phosphate cement is struvite, where the ratio between the Mg and POy largely affects the
produced hardened cement’s properties. At alow Mg/POj ratio (<4), the crystallization of
the struvite is enhanced and denser microstructure is attained. Because of its fast setting, a
retarder is usually used to control the rate of the reaction, e.g., sodium tripolyphosphate,
glacial acetic acid, and boric acid [5,98,100,101]. The limited research on the preparation
of permeable magnesium phosphate concrete has tailored the mix design of this paste to
include an aluminosilicate source (e.g., FA, MK, granulated blast furnace slag [98,101], steel
slag [98], and crushed stone [101]) as aggregates and borax as retarder.

2.3. Permeable Concrete Mix Design: Future Prospects

As mentioned in the previous subsections, several research efforts have been di-
rected toward the incorporation of natural materials as SCMs, aggregates, and fibers in
conventional permeable concrete. Other research efforts have been directed toward the
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incorporation of industrial or agricultural wastes for the same purposes or for their use
as aluminosilicate sources in the preparation of innovative permeable concrete. These
studies have been motivated by the need to reduce the environmental burdens of the
conventional cement industry. Within this quest, special attention should be paid to the
characteristics of the used solid wastes and their compliance with national regulations. In
this respect, it should be noted that some solid wastes (e.g., coal ash, copper slag, rice husk)
may contain considerable amounts of heavy metals, sulfur, and chlorine [47,52,111,112].
Subsequently, the extent of the presence of these contaminants and their dissolution and
mobility should be assessed to determine their compliance with national regulations. In
the case of noncompliance, a pretreatment process should be designed to reduce the risk
of the presence of these contaminants and to mitigate their release. These topics have not
been fully investigated in the literature and need to be addressed in depth to ensure the
sustainable use of permeable concrete materials in preventing and controlling the pollution
of water.

Extensive scientific efforts in the preparation and testing of permeable concrete have
generated an acceptable range of values for the water-to-cement ratio and the coarse-
aggregate-to-cement ratio, as indicated in Section 2.1. Yet, a standardized method that can
be followed to produce universal permeable concrete products for specified applications
is still missing [23,32,44—46,97]. In this respect, a standard practice to proportionate the
used materials, identify the mixing procedure, and determine the optimum curing condi-
tions is missing not only for innovative cement-based materials but also for conventional
permeable concrete [97]. This quest to establish a procedure for the optimization of the
mix design is also scarce in the literature. To the knowledge of the authors, only one paper
elaborated on the development of a mix design procedure that was recommended for the
optimization of the permeability and compressive strength of the permeable concrete [113].
The optimization procedure comprises three steps that benefit from a set of constitutive rela-
tionships, and the performance of a film-forming ability test to allow for the determination
of the optimum mix design, as presented in Figure 4 [113].

Compressive strength

l

Permeability Paste thickness
Permeability - Film-forming
:|_ criterion { :|_ Strength criterion ability test
Aggregate size Designed porosity

Step 1 Step 2 Step 3
| /'\ - l
Volume fraction of Volume fraction of W/B
aggregate cement paste 1
Cement paste

Mix proportion [ — Aggregate IZD:‘ Water IZD:‘ Binder I%:l'j Chemical admixture

Figure 4. Proposed procedure to optimize the mix design of permeable concrete based on the

permeability and compressive strength (copyrighted from [113]).

3. Characterization and Functional and Durability Performances of Permeable
Concrete Materials

Different testing and evaluation techniques are used to characterize and evaluate
the important properties of cement-based materials. These techniques are used to ensure
that the requirements of both of the processing properties of the paste/fresh concrete
and the desired performance and degradation resistance of the hardened materials are
met [114,115]. On the one hand, standardized and nonstandardized characterization tech-
niques have been developed to qualify the raw materials (e.g., grading), the paste (e.g.,
rheological properties), and the hardened materials (e.g., pore structure and permeability).
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The details of these tests are found elsewhere [114,116,117]. On the other hand, functional
performance evaluation and durability tests have been developed to ensure that the hard-
ened cement-based materials meet the functional and durability requirements, respectively.
For instance, permeable concrete used in permeable pavement applications is required to
exhibit adequate hydraulic, mechanical, thermal, and sorption performances that enable
the final hardened materials to effectively allow for the management of rainfall during their
service life, meet the requirements on their strength (i.e., compressive, tensile, flexural, and
abrasion resistance), and have improved sound absorption and temperature mitigation [32].
For permeable reactive barriers, their hydraulic performance requires that the flow is main-
tained under a natural hydraulic gradient without considerable retention within the barrier
and to maintain good pollutant removal over their service life. In this section, the available
characterization techniques and functional and durability tests applied to the permeable
concrete materials are presented, and their features are summarized with some highlights
provided regarding the effect of variations of the mix design on the measured properties.

3.1. Rheological Properties of the Paste

The composition of the mix design will affect the rheological properties of the paste
and, subsequently, its adherence on the aggregates and the overall quality of the hardened
material [113,118]. As the rheology of the paste will affect the thickness of the formed
cement-based materials on the aggregates, it will affect its mechanical and hydraulic
performances. In the case of permeable concrete, as the minimum amount of binder is
applied, the importance of adjusting the rheological properties of the pastes becomes a
necessity to avoid the formation of inhomogeneous paste and its segregation and the
formation of hardened nonporous material or materials with low mechanical strength. As
flowability is an important paste property, the adequacy of this mix design to produce
a paste with adequate flowability can be checked via the application of the following
tests [113,118-131]:

e  Hand compacting method: This is a qualitative, easy method for testing the adequacy
of the water in the paste and, hence, provides an indication of the paste’s flowability
(Figure 5a—c). Scarce water will yield a crumbling of the ball (Figure 5a), and excess
water will yield an accumulation of paste on the glove, leaving the aggregates with a
minimum coat of cement (Figure 5c). Adequate water will lead to the formation of a
ball without excess paste accumulated on the glove (Figure 5c);

e  Slump flow test: This test is used to examine the horizontal flow of the paste (ASTM
143/C143M-12) [126]. In this respect, the slump is recommended to be adjusted to
near zero and less than 5 cm [122,123,126,128];

e The flow table test: this is used to measure the flowability of the paste (ASTM
C230/C230M-14), where acceptable values are in the range 15-23 cm [87,129-131].

Additionally, the viscosity of the paste, yield stress, and adhesive force of permeable
concrete pastes are measured using a rheometer or viscosimeter, and some researchers
have studied the effect of these parameters on the compressive strength, thickness of
the cement-based material on the aggregates, and on the pore structure of the hardened
material [118,124,125,129,131]. There is an available standardized test to characterize the
rheological properties of the paste using a rotational rheometer: ASTM C1749. Furthermore,
there are available methods to measure the thickness of the formed paste layer on the
aggregate: ideal paste thickness or actual paste thickness methods [113]. A modification of
the actual paste thickness method was proposed using a flow table, and Figure 6 illustrates
the procedure for conducting this method [124]. Another modification of this procedure was
proposed by applying vibration or limiting the number of drops to 10 [113]. Additionally,
image processing can be used to calculate the thickness.
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Figure 5. Hand compacting method: (a) scarce water content; (b) adequate water content; (c) excess
water content (copyrighted from [124]).

Weighting Drainage observation Flow table drops

Figure 6. Procedure to evaluate the paste coating thickness on the surface of the aggregates (copy-
righted from [124]).

Figure 7a—d illustrate the effect of the variation of the conventional cement mix design
on the flowability, i.e., slump spread, yield stress, viscosity, and the maximum paste coating
thickness on the aggregates [124]. Figure 7a,c show the effect of the variation of the w/c
ratio in a simple permeable concrete samples composed of 100% cement as binder on these
properties. The general behavioral trend can easily be deduced in these simple systems,
where the flowability (i.e., slump spread) increases by increasing the w/c ratio and the rest
of the properties display decreasing behaviors [124]. The behavior of these properties can
be described using polynomial equations with correlation coefficients larger than 0.99. The
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effect of the variation of the SCM incorporation percentage in the permeable concrete (i.e.,
granulated blast furnace slag (GBFS)) on the same properties has a limited effect compared
to that of the w/c ratio, shown in Figure 7a—c, as reported by Xie et. al. [124]. These studied
samples were prepared at a lower w/c ratio (i.e., 0.28) and contained superplasticizer at
a dosage equal to 0.4%. For those samples, the flowability slightly increased with the
increased incorporation of the GBFS up to 50% and with the rest of the properties being
reduced. The increasing correlation between the thickness of the cement-based material on
the aggregates and the yield stress and the viscosity of the paste were confirmed for all of
the studied mix designs (Figure 7a—d insert) [113,124,125].
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Figure 7. Effect of the mix design variation on the paste properties in conventional permeable
concrete: (a,c) effect of the w/c ratio variation; (b,d) effect of the GBFS in cooperation (source data
were extracted from [124]).

The effect of the variation of the sodium content in the alkali activator of the mix design
of the permeable geopolymer concrete on the flowability of the paste, viscosity, shear stress,
and the thickness of the hardened geopolymer coat was studied by Geng et al. [131]. The
studied samples were BFS-based geopolymers prepared with water glass and sodium
hydroxide in the presence of a retarder and limestone as coarse aggregate. Figure 8a—c
illustrate the results in which the flowability, viscosity, and coat thickness increased with
the increase in the NayO content up to 8%; then, the values of these properties decline.
The increased behavior of the flowability and reduced behavior of the viscosity and shear
stress of the paste is attributed to the formation on an electric double layer with repulsive
forces on the precursor particles (i.e., BFS) due to the adsorption of activator silicate
anions (Figure 8a,b). A further increase in the amount of NaO is claimed to lead to the
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enhanced formation of C-S-H gel that reduces the flowability and increases the viscosity
and shear stress [131]. The variation of the geopolymeric coat’s thickness on the aggregates
(Figure 8c) shows a similar trend to that of the flowability [131]. The effect of the admixture
on the rheological properties of the geopolymeric paste is an active area of study that
aims to identify the effect of various admixtures on the workability of the paste. A study
was devoted to investigating the effect of the water-reducing admixture and the molar
strength of the alkali activator on the rheological properties of the fly-ash-based geopolymer
paste [132]. The studied systems included both fine and coarse aggregates, as well as the
alkali activator composed of a mixture of sodium hydroxide and sodium silicate. The results
revealed that there was a critical molar strength (i.e., 4 M) beyond which the plasticizer
and the superplasticizer had contradicting effects on the plastic viscosity, slump spread,
and yield stress of the studied samples. In this respect, above this threshold value (i.e.,
<4 and =10 M), a clear decrease in the slump spread and increase in the yield stress and
viscosity were recorded [132]. This study indicates that the employment of a lignin-based
plasticizer leads to a better performance in terms of the paste’s workability over that of a
polycarboxylic-ether-based high-range water reducer.
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Figure 8. Effect of the variation of the mix design on the paste’s properties in innovative permeable
concrete: (a) fluidity; (b) viscosity and shear stress; (c) coat thickness (copyrighted from [131]).
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3.2. Hydraulic Properties of Hardened Permeable Concrete

There are different standardized tests that have been issued to measure the pore
structure and permeability of hardened cement-based materials, and there are other non-
standardized tests that have been developed and used. These tests are used to measure
the porosity, specific surface area, total connected porosity, pore volume, and air and water
permeability [114]. These tests include:

e  Gravimetric techniques: These are employed to measure the porosity using general
standardized ASTM tests: ATSM C457/C457 M-16. It should be noted that a standard-
ized test to measure the porosity of permeable concrete (ASTM C1754) was recently
withdrawn;

e  Absorption tests: These include the BET and MIP, and standardized ASTM tests are
available for fragmented materials: ASTM D5604-96 and ASTM D4404-18, respec-
tively. In addition, auto-clam and Figg tests are used to measure in situ water and air
permeability [114];

e  Ultrasonic techniques: These can be used to determine both the permeability and
compressive strength of materials [116,133];

e Imaging techniques: These are used to construct 3D models for a sample, either using
X-ray computed tomography or 2D scanning images and suitable image processing
software. These models are used to drive empirical relationships for calculating the
pore size and distribution and to model the mechanical and hydrological behavior of
the material [97,114-138].

The permeability reflects the ability of the material to allow water to flow through it; it
is dependent on the pore characteristics of the material, i.e., pore size, shape, connectivity,
and tortuosity [22]. The permeability (k, cm/s) can be measured using the constant head
method (Equation (1)) or the falling head method (Equation (2)) [22,97,139-141]:

_ QL
~ An

. aL ]’ll
()

where Q is the flow rate, & is the head in the constant head method, A and L are the surface
area and length of the sample. In the falling head method, 2 and f are the cross-sectional
area of the pipe encasing the sample and the time required for the water pressure head to
drop within predetermined levels (/1 and h;), respectively. Research papers that compare
the validity and accuracy of both methods indicate that the permeability measured using
the falling head method is lower than that of the constant head method, in which the latter
is reported as viable and provides economic benefits [139,140]. It should be noted that the
flow rate measured in permeable concrete is claimed to be in the transient flow regime
between laminar and turbulent flow, which necessitates the use of a valid equation to
describe the flow, i.e., Darcy-Forchheimer [124,140]. Several researchers have fitted the
experimental data to obtain a relationship between the porosity and the permeability of the
permeable concrete, in which linear, power, and exponential equations are derived [111]. It
should be noted that these equations should be treated as mix-design dependent, and their
validity should be tested before their application.

The effect of the variation of conventional cement mix design on the porosity and
permeability of hardened permeable concrete is illustrated in Figure 9a—c [123]. The studied
samples were prepared at a constant aggregate-to-cement ratio of 4 and different w/c
ratios (0.24-0.32) and admixture dosages (0.4-1.1%) to control the final porosity. The
investigations of the effect of the admixture on the values and relationships of the porosity
and permeability at a fixed w/c ratio revealed that the use of a 0.4% admixture yielded
a lower porosity and permeability of the hardened sample. The authors attributed this
behavior to the paste’s drainage into the interconnected voids [123]. The known effect
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of increasing the w/c ratio on the porosity and permeability was not clear in this study
(Figure 9b). The visualization of the statistical distribution of the permeability of these
samples, as shown in Figure 9¢, indicates that the permeability decreases with an increase
in the w/c. This is attributed by the authors in that work to the increase in the degree of
lubrication, which results in a better densification of the mixture, consequently reducing
the permeability [123]. It should be noted that the sample with the highest water content
was prepared without any admixture, and the samples with the lowest water content were
prepared with the highest admixture ratio; this clearly shows the importance of considering
the rheological properties of the paste and their critical role in tailoring the hydraulic
properties of the hardened permeable concrete.
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Figure 9. Effects of the mix design on the hydraulic properties of the hardened permeable concrete of
different water to cement ration PC-X (X = 0.24; 0.26; 0.28; 0.3; 0.32): (a) effect of the incorporation of
the admixture; (b) effect of the w/c ratio; (c) statistical distribution of the permeability at different
w/c ratios (copyrighted from [123]).
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The porosity and water permeability in the innovative permeable concrete is affected
by the mix design of the innovative cement. In this respect, increasing the NayO content
led to a reduction in the total and connected porosity and the permeability of BFS-based
geopolymer prepared with water glass and NaOH in the presence of a retarder using
limestone aggregates [133]. Another study was dedicated to investigating the effect of the
substitution of GBFS with red mud to produce permeable geopolymer concrete using a
combination of NaOH, Na,SiO3, and water glass as an alkali activator at an aggregate-to-
binder ratio of 5 [40]. This study indicates that a 30%substitution led to an increase in the
total void ratio and permeability by 7.69 and 6.35%, respectively [40]. Further, an increase
in the red mud incorporation did not affect the void ratio and led to a reduction in the
increase permeability to half of its value [40]. This behavior was not further discussed
in that work. The substitution of the GBFS with red mud was investigated in another
study, which confirms the increase in the porosity and permeability with an increase in the
substitution by up to 50% [31].

3.3. Mechanical Properties

Mechanical properties are among the most important performance measures that need
to be optimized during the design of any cement-based material. The hardened material
strength should be preserved during its service life to allow for the sustainable functionality
of the barrier. ASTM C109/C109M-20b [142]; ASTM C39 [143]; ASTM C496 [144]; and
ASTM C293 [145] were developed to measure the compressive strength for cubic and
cylindrical samples, splitting tensile strength; flexural strength, respectively. Several au-
thors have used measured experimental data to deduce empirical models that can describe
the relation between mix design components (e.g., water-to-cement ratio, cement content,
aggregate size, and their porosity) and the compressive strength at a specified age (e.g.,
28 days), flexural strength, tensile strength, elastic modulus, and fatigue [97].

As permeable concrete is designed to attain a specified mechanical performance
and because of the limited amount of cementitious material in these composites, several
authors have investigated the enhancement of this performance using different SCMs, fine
aggregates, and fibers [25,51-61,79-89,94,95]. In this respect, it should be noted that the
mechanical performance does not show a linear relationship over a wide range of these
materials’ incorporation. Therefore, an extensive number of review papers have addressed
these effects in a comprehensive way [22,33,35,39,41,47,97,104]. For conventional permeable
concrete, using fine aggregates was reported to improve the mechanical properties of the
concrete. Thus, the reactivity of the used material plays an important role in determining
their contributions to the build-up of the mechanical properties. In particular, the use of
pozzolanic materials (e.g., volcanic ash, BFS, and FA) contributes to the long-term build-up
of the strength of the hardened materials [47]. The inclusion of the fibers was proposed to
improve the mechanical properties and durability of the permeable concrete, and plastic
fibers were reported to have a limited positive effect on the mechanical performance of
the hardened material [22,51]. Similarly, the use of permeable geopolymer concrete can be
affected negatively with the use of low reactive materials in the mix design, and the use of
red mud in GBFS geopolymers led to a reduction of the compressive strength [40]. This
reduction increased with an increase in the GBFS substitution [30,40].

3.4. Durability of Hardened Permeable Concrete

In general, cement-based materials, as any other material, are affected by their pres-
ence in the environment, and the porous nature of these materials facilitates the penetration
of water, gases, and aggressive materials leading to the activation of different reactions with
the hydrated phases in the hardened materials affecting their durability. Both physical and
chemical reactions occur between cement-based materials and ambient environmental com-
ponents, leading to a reduction in their permeability [141,146], e.g., carbonation [79];sulfate
attacks [80];induction of cracks through, for example, freeze—thaw cycles [61,73,80,88,128];
aggregate reactions [69]; and loss of materials via, for instance, leaching [24,36,61], abra-
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sion [64,79,84,86,89], and erosion. In addition, the performance of these materials might
be affected by the applied loads on them that can, in conjunction with environmental
conditions, lead to serious failures. Subsequently, it could be concluded that both the
hydraulic and mechanical performances of the cement-based barriers are affected by these
conditions. Methods to solely assess the effects of these conditions are standardized, e.g.,
sulfate resistance (ASTM C452-21 [147]), aggregate reaction (ASTM C1778 [148]), freeze
and thaw (ASTMC666 [149]), and aggregate soundness (ASTM C88 [150]). It should be
noted that the standard test ASTM C1747 has been withdrawn.

Another important durability aspect of permeable concrete material is the clogging of
the pores that affects the drainage performance of these barriers [20,22,35,49,124,151]. An
evaluation of permeable concrete clogging is not only important for permeable pavement
but for any permeable barrier, as it can seriously affect one of its main characteristic
properties, i.e., permeability. Clogging is very similar to the well-known fouling phenomena
in membranes, in which it can be traced to [22]:

e  Physical clogging: an accumulation of suspended particles within the porous structure;
this phenomenon does not include a chemical reaction;

e  Chemical clogging: which occurs because of the penetration of chemical components
into the flow of water through the barrier, leading to scale formation that clogs the
porous structure;

e Biological clogging: which occurs because of the reproduction of algae and bacteria
within the porous structure of the material.

As the clogging is mainly affected the hydraulic performance of the barrier, it is usually
evaluated by measuring the permeability of the sample, as mentioned above, or by relying
on the imaging techniques.

The effects of the variation of the mix design on the durability of the permeable con-
crete have been investigated [59,61,73,79,80,84,86,89,128]. The effect of using a combination
of SCMs (i.e., nano silica (22.8%), spent fluid catalytic cracking catalyst (11.4%), and paper
sludge waste (2.86%)) in conventional permeable concrete prepared using three gravel
sizes at an aggregate-to-binder ratio equals to 5.6:1 on the leaching and freeze and thaw
resistance of the hardened materials in the presence of melamine-based superplasticizer
was addressed [128]. The study revealed that the use these materials enabled a reduction
in the portlandite leaching and increased the resistance to freezing-thawing even after
50 cycles [128]. Another study addressed the effect of using nanomaterials on the physical
durability of the hardened permeable concrete [59]. In this context, different samples were
prepared using varying nano silica (0—4%) and nano iron (6%) contents in the IP and GU
Portland cement in the presence of water-reducing admixture (0-1%) and cement substitu-
tion with FA in the range of 10-50% [59]. A multivariant method was followed to optimize
the mix design to achieve a specified mechanical and hydraulic performance based on the
maximum achievable compressive strength and target permeability equal to 8.8mm/s. The
recommended optimum mix design comprised 24% fly ash, 1.9% nano silica/fly ash, and
0.35%admixture. The study concluded that the use of the nanomaterials improved the
physical durability of the hardened materials but increased their costs [59]. The effect of
modifying the surface of the recycled aggregates to improve the durability of the hardened
permeable conventional concrete waste was investigated [73]. The study utilized a simple
mix design composed of cement and recycled aggregate. The study indicated that the
surface modification of the aggregates using a hydrophobic silicone membrane improved
the durability of the hardened materials due to the following [73]:

e  Its role in preventing the water accumulation on the aggregate surface, which allowed
for the increased formation of dense C-S-H in the interface transitional zone;

e Its ability to mitigate the water absorption and migration into the aggregate that
suppresses the ice pressure.

Well-optimized mix designs for innovative cement-based materials have been reported
to provide beneficial durability performances under varying conditions including different
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chemical and freeze and thaw resistances [39,41,103,104,146]. In particular, the effect of
the type of permeable geopolymer concrete (i.e., GBES, FA, and MK) on the durability of
the hardened materials was considered [26]. These three investigated systems at a target
porosity of 20% were prepared and tested, including a control conventional permeable
concrete and two permeable geopolymer concretes prepared from MK-GBFS and FA-GBFS.
The MK geopolymer was found to have the best mechanical performance in terms of
compressive and tensile strength and durability in terms of freeze and thaw resistance. The
study indicated that the FA geopolymer provided remarkable benefits in terms of reducing
energy consumption and greenhouse gas emissions.

3.5. Pollutants Removal Performance

As mentioned in Section 1, the presence of amorphous and crystalline hydration phases
within the hardened permeable concrete provides sites for the chemical and physical entrapment
of different anions and cations. This structural feature is employed in permeable concrete to
remove different organic and inorganic pollutants from the water and entrap them within
the material structure [6,8,12,15-19,21,24,25,27-31,36,38,40,41,48,49,62,63,93,103,151-153]. In this
respect, monolith samples of permeable concrete are prepared either in the form of disks,
cylinders, or cubes, characterized, and then tested for their potential application in removing
pollutants (Figure 10). Both static [24,25,40,63] and dynamic [30,31,36,40,62] tests can be applied
to test the ability of these materials to remove the pollutants of interests, including heavy
metals, CODs, BODs, DODs, dyes, etc. In both types of experiments, the performance of the
monolith material is expressed by recording the concentration measured in the aqueous phase
or calculating the removal percentage (P, %) or the reduction ratio (Equation (3)) [40],

P, %= (C"EC’”) x 100 (3)

0

where C; is the concentration of the studied pollutant before the first sorption cycle (x=,) and
after m number of cycles (x = m). Some of these investigations were directed toward assessing
the effect of adding materials of a known sorption capacity [48], e.g., zeolite [20,154,155], iron
oxide [62], grapheme oxide [36], or the addition of materials of known photocatalytic effects, such
as iron oxide or titanium oxide to enhance the sorption ability. Finally different nanomaterials
were investigated for the same purpose [59,62,63,151,156].

(b)Physical and mechanical
property

(a)Pervious concrete fabrication (d) Long-term treatment

(c)Batch experiment

Figure 10. Experimental testing scheme for potential application of permeable materials in pollutant
removal: (a) preparation of the monolith sample; (b) physical and mechanical characterizations;
(c) static removal test; (d) dynamic removal test (copyrighted from [30]).

The performance of conventional permeable concrete prepared at a specified w/c
ratio (0.3) and varying coarse aggregate-to-cement ratios in the presence of silica fume
(SF; 10%) and FA (20%) aimed at the removal of total phosphorus (TP) and total nitrogen
(TN) was investigated [25]. The study indicated that higher removal performances were
obtained for samples that contained smaller sizes of aggregates and higher void contents.
In this respect, 1.7 and 2.8 times more TP and TN concentrations were reported to be
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removed using permeable concrete containing 5-10 mm aggregates. The amount of at-
tached microorganisms on the permeable concrete was concluded to control the amount
of removed TP and TN [25]. In the context of the use of permeable concrete for water
purification, the use of low pH concrete was suggested to reduce the leaching of the alka-
line components that can affect an aquatic ecosystem [25]. The utilization of conventional
permeable concrete prepared with OPC, basalt, FA, and SF for water purification was
investigated [56]. In their work, Wang et al. investigated the performance of different
mix designs of permeable concrete in the removal of suspended solids (SS), ammonia
-nitrogen (AN), and total phosphorus (TP). The study concluded that SS removal was the
highest followed by AN then TP, and the increased incorporation of FA led to a slight
reduction in the removal performance. The study indicated that there is a need to improve
the removal performance of AN and TP using auxiliary purification materials [56]. The
performances of different permeable conventional concrete in the removal of some heavy
metals were studied using batch static procedures by some investigators [24,40,155]. The
studied systems were OPC-based permeable concrete with different types of aggregates,
such as gravel, limestone, soda lime glass beads, and pumice, in the presence and absence
of additive materials, e.g., FA and silica fumes. Table 3 lists the features of the investigated
mix designs and the removal experiment conditions: initial contaminant concentration
(Co, ppm), time (t, h), and percentage removal (P. %). Holmes et al. confirm that there are
several mechanisms that contribute to the removal of the heavy metals from the aqueous
solutions onto the conventional permeable concrete [24]. These mechanisms include both
chemical and physical sorption, precipitation, co-precipitation, and internal diffusion. Their
study indicates that the use of calcareous aggregates improved the removal of heavy 