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Abstract: Heavy metal pollution is a serious concern of the modern era due to its widespread negative
effects on human health and to the environment. Conventional technologies applied for the uptake
of this category of persistent pollutants are complex, often expensive, and inefficient at low metal
concentrations. In the last few years, non-conventional alternatives have been studied in search of
better solutions in terms of costs and sustainability. Microbial adsorbents are one of the biomass-based
sorbents that have extensively demonstrated excellent heavy metals removal capacity even at low
concentrations. However, most of the carried-out research regarding their application in wastewater
treatment has been performed in discontinuous systems. The use of microorganisms for the uptake
of metal ions in continuous systems could be an important step for the upscale of the remediation
processes since it facilitates a faster remediation of higher quantities of wastewaters loaded with
heavy metals, in comparison with batch systems removal. Thus, the current research aims to analyze
the available studies focusing on the removal of metal ions from wastewaters using microorganisms,
in continuous systems, with a focus on obtained performances, optimized experimental conditions,
and the sustainability of the bioremoval process. The present work found that microbial-based
remediation processes have demonstrated very good performances in continuous systems. Further
sustainability analyses are required in order to apply the bioremediation technology in an optimized
environmentally friendly way in large-scale facilities.
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1. Introduction

Industrial and technological development has, on the one hand, led to solutions to
many problems in the world, and on the other hand, it has generated a significant degree
of pollution that affects the environment and human health [1]. Among the pollutants
that pose a major risk are heavy metals [2]. These are metals which have a density value
surpassing 4 g/cm3 or five times higher than the one associated with water [3]. Their
biodegradability is very low, while their mobility is high, so once released in the environ-
ment, they easily reach living organisms [4]. For example, analyses of metal concentrations
from the water and aquatic organisms from Snagov Lake from Romania, have registered the
highest levels for aluminium and barium [5]. Some metal ions such as Cr(Ill), Ni(II), Zn(II),
Fe(Il), and Fe(II) are considered nutrients in small concentrations for humans, animals,
or plants [6,7]. Metal toxicity usually causes an inhibition of plant development [8] or
adversely affects animal and human health [7].

Heavy metals are persistent pollutants that bioaccumulate in living organisms and
are expensive and difficult to remove from wastewaters at low concentrations when using
conventional techniques [9]. Successful remediation of heavy metals using active or inactive
biomass has been carried out using terrestrial [10] and aquatic plants [11,12], as well as
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microorganisms [13,14]. Metal removal from wastewaters through bioremediation can
occur through two types of processes. The first one, biosorption, consists of the binding of
the pollutant(s) with the inactive biomass through external functional groups of the cell
wall. The other type of process is called bioaccumulation and it takes place in two main
phases: the biosorption or adsorption stage as previously described and the absorption,
through which the heavy metals are incorporated into the internal structures of the living
cells [15].

The use of microorganisms (algae, bacteria, fungi) as sorbents for the removal of heavy
metals has been studied as a sustainable alternative to the conventional ones. Their ability
to remove metals has been mostly studied and successfully demonstrated in batch sys-
tems [16]. However, studies performed in continuous systems are in a much smaller num-
ber, and metal removal using microorganisms is still not applied at the level of wastewater
treatment plants [2,17]. These are important, however, for scaling up microbial remediation
processes, as they facilitate faster remediation of larger amounts of wastewater [16,18].
Microorganisms cultivation in continuous systems has been scaled-up for fermentation,
for example, by Crater and Lievense [19]. According to these authors, the lab-scale pro-
cesses should be carried out using conditions that resemble as closely as possible the
industrial-level process.

Taking these into consideration, the current paper reviews: (1) the potential of micro-
bial biomass immobilization for heavy metals removal from wastewaters; (2) the results in
terms of the performances obtained so far in the scientific literature regarding the removal
of heavy metals using microorganisms in continuous systems; (3) the possibility of micro-
bial sorbents regeneration through desorption for its multiple uses in the remediation of
metal-loaded waters; and (4) the evaluation of microbial processes from an environmental
point of view by applying sustainability assessment methodologies. An overview of these
aspects is the key for understanding the current status of research in this domain and
to continue the study towards a successful future upscale of microbial remediation of
wastewaters containing heavy metals.

2. Parameters in Metal Removal from Wastewaters—Discontinuous versus
Continuous Systems

Biosorption and bioaccumulation research were performed in both discontinuous
(batch) mode and continuous flow mode. Out of these, discontinuous mode is the most
preferred choice of researchers due the fact that it can be operated in small volumes and can
easily be carried out with a constant volume [20]. The bioreactor operated in continuous
mode is defined as the system with the inlet and outlet fluid flow rate being approximately
the same [21]. In this mode of operation, the volume varies and flow regulators, strainers,
filter plugs, and other accessories are required, thus making the process more complex
than in the discontinuous mode of operation. Furthermore, the continuous flow system for
bioremoval of heavy metals requires that the bioreactor vessel to be filled with biosorbents
in the form of solid beds/matrices, and these matrices to be fixed, mobile, or to be operated
under fluidized conditions [20].

The metal removal from wastewaters using microorganisms is influenced in discon-
tinuous, as well as in continuous, systems by various factors. The optimization of process
parameters is of utmost importance for a successful bioremediation of pollutants [22].
Common parameters to both systems are pH, temperature, initial metal concentration, and
biomass dosage [15,20]. Metal uptake performance in continuous systems also depends
on factors associated with the configuration and the operation mode of the bioreactors
(Figure 1) [15,21]. Mass transfer through reactors, phases mixing efficiency, gas bubble size,
bed height, pressure drop, bioreactor geometry, diameter of beads, hydraulic retention
time, air flow rate, wastewater flow rate, and feeding flow rate are among the most relevant
factors related to the configuration and the operation mode of the bioreactor [23,24].
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Figure 1. Influencing factors of biosorption and bioaccumulation processes applied in discontinuous
and continuous systems.

The pH value determines the surface charge of the sorbent, the availability of metal
species, and the interaction between the biomass and the pollutants. Additionally, the pH
of the treated effluent influences the growth of the active microbial biomass. For example,
the microalgae species C. pyrenoidosa cannot develop at extreme pH values 1 and 12 [25]. A
pH value of 2 has been demonstrated as optimum for Cr(VI) uptake by microorganisms,
but this value affects the microbial cell development [26]. Higher pH values can inhibit the
uptake and the release of carbon by microalgae, thus limiting their growth [25].

Temperature is another important factor, since it influences the chemical kinetics.
Furthermore, the temperature has a more significant impact on the living microorganisms,
thus affecting the bioaccumulation process more in comparison with biosorption [27].
Different temperatures can be used in batch versus column studies. Gopi Kiran et al. [28]
applied, for example, for the removal of several metal ions at a temperature of 30 °C in
batch mode, whereas in the column system, a temperature value of 25 & 2 °C was used,
the latter being usually specific to wastewater treatment procedures.

Minimum inhibitory concentration (MIC) is another specific parameter that impacts
the removal process when the living microbial biomass is used and indicates the minimum
concentration of metals which determines the inhibition of the microorganism. The MIC of
a strain of Pseudomonas sp., for example, generated a value of 6 mM for Cd(II), Pb(Il), and
Cu(Il) and 8 mM in the case of Mn(Il) and Zn(IT) [29].

Bed height represents the height of the biomass used in the column and influences the
microbial-based bioremediation process as well, having an effect on the breakthrough time
and the saturation time. A higher bed height can determine reaching the breakthrough
time faster. Additionally, a higher bed height determines a higher sorption performance in
the column system [30].

The optimization of the contact time determines the amount of time which is required
in a batch system to achieve the highest metal removal values by the microbial sorbent,
thus having a high influence [31,32]. Saturation time is the parameter used in continuous
systems to characterize the time required for the sorbent to reach its maximum uptake
capacity of metals. In both cases, usually the metal uptake process follows an upward



Processes 2022, 10, 1758

4 of 25

trend, after which it reaches a plateau. In the case of the biosorption process, this is called
equilibrium [29]. The saturation time is directly influenced by the bed height, a higher
value of the latter determining a higher saturation point [18].

Flow rate is one of the most important parameter characteristics only for the con-
tinuous systems and represents the volume of effluent passing through the column in a
certain amount of time to be treated. This influences the rate of reaching the saturation
point and breakthrough time. A recirculation system must be implemented in the column
in order to keep constant the metal uptake rate [33]. In the continuous system, a high
metal concentration associated with a high flow rate determines a low saturation point and
breakthrough time [33,34].

According to Atmakidis and Kenig [35], pressure drop, retention time, and mass and
heat transfer coefficients are parameters that need to be estimated with high accuracy in the
upscaling of fixed-bed bioreactor. In immobilized cell systems, the heavy metals removal
is affected by gas-liquid-solid mass transfer fluxes, the hydrodynamic regime, and the
metabolic activity of the microorganism. Thus, the gas-liquid and liquid-solid mass transfer
coefficients, the effective oxygen diffusivity, and oxygen consumption rates are essential
parameters to fully understand the removal of heavy metals by microorganisms in fixed-
bed bioreactors [36,37]. In columns, for example, due to the immobilization of microbial
cells on the surface of the fixed layer, there are two types of mass transfer: one refers to
the transfer of nutrients from the liquid phase to the cells and the other to the transfer of
oxygen from the gas phase to the cells [36,38]. The amount of dissolved oxygen reaching the
cell influences the activity of the microorganism and not the amount of dissolved oxygen
in the bulk liquid medium. Therefore, when living microorganisms are used for heavy
metals bioremoval, an adequately aeration of the fluid is necessary. The oxygen transfer
rate from bulk liquid medium to microbial cells depends mainly on four parameters: the
contact area between gas and liquid, the driving force (for example, the difference in oxygen
concentration between the two phases), the fluid dynamics, and the composition of the
wastewater [38].

Other parameters related to the immobilization of the microbial biomass, such as
the diameter of beads formed with different polymers (alginate, chitosan, agar, etc.) and
the ratio between the microorganism biomass and the bead, are also important to be
considered and optimized for obtaining the highest possible removal performance. These
influencing factors concerning the immobilization of microorganisms are applicable to both
discontinuous and continuous systems.

3. Microorganisms Immobilization for Heavy Metals Removal

The microbial biomass immobilized on different types of materials could be an ideal
combination to solve the problems encountered in the removal of metal ions by free-
suspended biomass [39]. The immobilization of microorganisms can be very advantageous
because it ensures a higher mechanical strength, reduces the biomass deterioration, controls
the biosorbent size, and offers a stable contact surface [40]. It also facilitates the recovery of
the microbial cells [40] and in some cases, due to the properties of the carrier, the removal
performance is increased [18].

The immobilization of microorganisms can be achieved by several methods such as
encapsulation, adsorption, aggregation, cross-linking, covalent bonding, and entrapment
in a matrix (Figure 2) [26]. According to Emami Moghaddam et al. [41], the attachment
and entrapment are the most-used immobilization techniques. The microorganism cells
can be naturally immobilized due to their ability to attach to the surface of natural or
synthetic materials and grow on them (passive immobilization), or by active-assisted
immobilization using covalent bonding, cross-linking, encapsulation, and entrapment in a
matrix. In natural attachment are involved both physical (electrostatic and hydrophobic
interactions) and chemical (covalent bond formation) interactions between matrix and
biomass cells, the electrostatic interactions being the most common involved in the initial
stage of immobilization [41]. By adsorption, the microbial cells are attached on the surface of
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the matrix through electrostatic interactions and Van der Waals forces [42], while in covalent
binding, the attachment is done by the formation of covalent bonds between the cells and
matrix in the presence of a binding agent [41,42]. For the entrapment of the microbial cells,
a three-dimensional sol-gel matrix is used (mostly silica-based materials) [43].

)
T T T T ] e e e ® B=o 6
"~ RCICRCERCTERNC g et —— | CARRIER

BINDING
ADSORPTION COVALENT BONDING ELECTROSTATIC BINDING
s
»
Material for m L SELF-
" immobilization CROSS.LINKING AGGREGATION AGGREGATION

(D Capsule (artificial flocculation) (natural floceulation) )
® Microorganism cell h

SN/ o0 CX°]

“\ Tattice/membranc "-‘_\l Cﬂ _fl /, N PENTRAPMENT
o0 @ | / p;

7414 7% s

ENCAPSULATION LATTICE AND MEMBRANE J
ENTRAPMENT

Figure 2. Methods of microorganisms’ cells immobilization.

To achieve the highest possible performance in the removal of metal ions, it is im-
portant to select a suitable matrix, fulfilling a number of characteristics such as being
lightweight, having a porous structure that facilitates the immobilization of cells, to be
inert, nonbiodegradable in the test condition, nontoxic and a noninhibitor for microbial
cells, and to allow the mass transfer. Furthermore, the matrix should have a high chemical,
mechanical, and biological stability, to provide an irregular, rough surface for colonization,
and last but not least, to be environmentally friendly and cheap [41].

For the removal of heavy metals from wastewater in a continuous system, the immo-
bilization of microorganisms is often applied using different types of organic and inorganic
materials [18,44]. They can be applied directly or can be subjected to certain treatments.
The organic materials used for cell immobilization due to their higher absorptivity and the
presence of amino, hydroxyl, carboxyl, and other functional groups can also interact with
heavy metal ions. Among the most used organic materials are alginate, agar, carrageenan,
polyacrylamide, and polyvinyl alcohol. From the category of inorganic materials, the most
frequently used are clay, activated charcoal, and zeolite. In bioremediation of wastewaters,
these materials are selected due to their resistance to microbial degradation, having a
suitable thermostability, and low cost [41].

Kénig-Péter et al. [45] determined an adsorption capacity of Pb(II) and Cd(Il) ions in
the case of chitosan beads with Spirulina that was lower than in the case of beads made only
of chitosan, but in the case of Cu(Il), a higher value was observed. Much of the ongoing
studies report the use of microorganisms in alginate balls [46—49]. They can be applied
directly or they can be subjected to certain treatments. Spirulina platensis thus immobilized
in alginate and treated with distilled water demonstrated a 10% higher Cu(II) adsorption
capacity [45]. The application of alginate balls also has the disadvantage of reducing the
adsorption efficiency, thus needing to use a larger amount of biosorbent [50]. Regeneration
of the biosorbent bed in the column for reuse is performed using acids or distilled water.
However, the results show that acid washes can reduce the adsorption capacity by 50% [45].
Some gels made from alginate or carrageenan, however, degrade easily or can dissolve by
exposure to other solutions. An alternative to these metabolites is polysulfone as it is not
toxic to microorganisms and has chemical stability, heat resistance, and high durability [51].

In recent years, researchers have started to combine the microbial cells with nanomate-
rials with the purpose to improve the microbial bioremediation of wastewaters loaded with
heavy metals [39]. Nanomaterials are innovative materials, which have important charac-
teristics that make them a good substrate. Various types of nanomaterials such as iron oxide
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magnetic nanoparticles [52], nanosilica [53], chitosan-coated magnetic nanoparticles [40],
and synthesized titania [54] have already been tested successfully.

For a better efficient exploitation of the immobilized microorganisms in the bioremedi-
ation of the contaminated liquid effluents, the disadvantages of the applied immobilization
methods must also be taken into account. For example, the main disadvantage of the
adsorption method is that the adsorbed microbial cells can be easily detached due to the
relative weakness of the adsorptive binding forces, which leads to a low efficiency in their
use during the bioremediation of wastewaters [41,42]. In case of some immobilization
methods such as entrapment and cross-linking, the processes are irreversible, which means
that regeneration and reuse of the biomass is not possible or more difficult to perform.
Another aspect that should be considered in terms of quality and quantity used, as well
as the potential environmental impact, are acids or bases used for biosorbent treatment in
order to enhance removal performance, but also to maintain reduced levels of impact and
ensure sustainability. On the other hand, immobilization means an increased consumption
of materials and can be expensive [18].

During bioremediation, the immobilized microbial cells, and sometimes together with
the support, can remove the heavy metal ions from contaminated wastewater by one or
various mechanisms, as described in Figure 3. The mechanisms involved in metal ions
removal depend on various characteristics related to the condition of the cells (viable or
dead), the metal ion type, the microorganism species, and the type of support (organic or
inorganic), but are influenced by the conditions in which the bioremediation process takes
place [41,42,55-57].
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Figure 3. Mechanisms involved in heavy metals removal by a matrix with immobilized microbial cells.

The heavy metals removal by inactive cells is called biosorption and it is considered
that, within the physical adsorption, ion exchange, bioprecipitation, electrostatic attraction,
complexation or/and extracellular transformation (reduction/oxidation) mechanisms, the
ions are retained on the cell surface [4,58]. By complexation between metal ions and the
functional groups found in the cell wall components, complexes are formed which may
be neutral, positively or negatively charged, mononuclear or polynuclear, and may have
different coordination numbers. The ion exchange mechanism involves the exchange of
heavy metal ions with counterions present on the biosorbent surface. Depending on the
type of ions that can be exchanged, during the biosorption process, the exchange can be
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cationic or anionic. For example, carboxylic groups are involved in the cation exchange,
while amino/imidazole groups participate in the anionic exchange [59]. The functional
groups found in cell wall components can also form precipitates with heavy metal ions in
solution. Usually, through this mechanism, insoluble inorganic precipitates are formed,
but organic metallic precipitates formed by extracellular polymeric substances secreted by
microbial cells can also be obtained [59-61]. For some heavy metal ions, such as Cr(VI),
the removal of these consist of extracellular reduction to another form (e.g., Cr(IIl)). The
reduction is achieved as a result of the interaction of Cr(VI) ions with the carboxyl functional
group, chromate reductases, and /or metabolites secreted by cells [59]. Immobilized inactive
microbial cells have been used as biosorbents in various studies for metal ions removal.
For example, Meringer et al. [62] used Pseudomonas putida trapped in agar beads for the
removal of Cu(Il) and Zn(II) and Contreras-Cortés et al. [63] used Aspergillus australensis
inactive cells immobilized on textile made of 100% polyester for Cu(ll). In other studies, the
performances of Saccharomyces cerevisiae cells immobilized on magnetic chitosan beads to
remove Sr(II), Co(Il), and Cs(I) [64] or Aspergillus sydowii immobilized on y-Fe,O3 magnetic
chitosan to remove Cd(II) [65] were assessed. Inactive Chlorella vulgaris immobilized in
Ca-alginate beads was used by Ahmad et al. [46] for the removal of Fe(II), Mn(II), and Zn(II)
ions, and according to the results of this study, the predominant mechanisms involved in
the removal of these ions are ion exchange and chemisorption.

The removal of heavy metals from contaminated aqueous solutions has been evalu-
ated in numerous studies and the performance of immobilized viable microbial cells has
been assessed. In this case, the bioremediation process is called bioaccumulation and is a
process mediated by the cell metabolism [56]. The bioaccumulation process through mi-
croorganisms consists of two main stages: one taking place at the cell wall level and another
intracellular phase during which the incorporation of the metal ions takes place through
metabolic pathways [4]. So, in order to thrive under the stress induced by metal ions, the
cells develop protection mechanisms through which heavy metals from aqueous solutions
are removed. These mechanisms involve the transport across the membrane of metal ions
via lipid permeation, endocytosis, using metal efflux pumps followed by intracellular metal
sequestration by metallothionein, the formation of conjugates, and intracellular enzymatic
transformation of metal ions (e.g., reduction of Cr(IV) to Cr(Ill)) [66]. The heavy metals
are removed by living microbial cells through extracellular mechanisms such as physical
adsorption, ion exchange, bioprecipitation, electrostatic attraction, complexation, or/and
extracellular transformation (reduction/oxidation), which are the representative mecha-
nisms of the biosorption process [56,58,66]. According to Huang et al. [67], ion-exchange,
complexation, physical entrapment, precipitation, and intracellular accumulation are in-
volved in the removal of Cd(II) ions by living cells of B. cereus RC-1 immobilized on three
types of biochar derived from rice straw, chicken manure, and sewage sludge. Biochar is
known as an innovative material with environmental applications and conductive prop-
erties, which also has valuable perspectives in the circular economy context [68]. For
example, at 50 mg/L Cd(II) in solution, B. cereus RC-1 immobilized on biochar derived
from rice straw removed 39.5% of Cd(Il) by ion-exchange, 36.3% by complexation, 8.8% by
precipitation, 8.2% by intracellular accumulation, and 7.2% by physical entrapment. For
the biochar derived from sewage sludge, the representative mechanism for Cd(II) removal
was complexation (56.9%), followed by ion-exchange (20.1%), intracellular accumulation
(8.3%), physical entrapment (8%), and precipitation (6.7%).

Most often, the materials used for the immobilization of microbial cells can also remove
the heavy metals from contaminated liquid effluents through various mechanisms. One
study mentions that sodium alginate is able to remove the metal ions through chelation,
electrostatic interaction, ion exchange, reduction, and photocatalytic reduction mecha-
nisms [69]. The various types of zeolites used to immobilize cells also have the ability
to retain metal ions, the predominant one being the cation exchange mechanism due to
the abundance of Na(I), K(I), Ca(Il), and Mg(II) exchangeable cations in the zeolite struc-
ture [70]. Adsorption and precipitation of heavy metal ions are two other mechanisms



Processes 2022, 10, 1758

8 of 25

by which zeolites remove metal ions [71]. According to Hong et al. [71], the LTA and
FAU zeolites remove the Pb(II) and Cu(Il) ions predominantly by cation exchange and the
Ni(Il) ions by adsorption in the pores. The study performed by Zhao et al. [72] highlights
that the biochars derived from different types of feedstock remove the heavy metals by
complexation and cation exchange, thus indicating that the performance of microbial cells
immobilized on biochar is also due to the support ability to retain heavy metals, not only
of the microorganism uptake capacity. Thus, in Table 1 are presented the performances of
various microorganism species immobilized on various types of materials for heavy metals
removal in batch systems.

Table 1. Microbial cells immobilization on various supports and their performances for heavy metals
removal in batch systems.

Immobilized

Support Microorganism Specie Metal Ion Experimental Conditions Performance Ref
Iron oxide magnetic Bacillus Pb(IT) pH=6,Ci=200mg/L, 98% [52]
nanoparticles licheniformis D=07g/L,t=12h,T=30°C 113.84 mg/g
. . Saccharomyces pH=1,Ci=100mg/L, 99.92%
Synthesized titania cerevisiae Cr(VD t=825min, T=30°C 162.07 mg/g [54]
A il tus, pH=7,Ci=01mol/L,D=15g/L, 128.26, 138.66,
- i Cr(H) t=30min, T =25+ 1°C and 97.06 mg/g
Nanosilica usarium verticillioides, [53]
Pencillium funiculosum Cr(VI) pH=2,Ci=0.1mol/L,D=15g/L, 336.24,332.77
t=30min, T=25+1°C and 197.58 mg/g
. .. . pH=7,Ci=0.01 mol/L,
Sézfl‘;r_‘pi‘fv’gie ASZZSZS”“S cd( D=15g/L, 11241 mg/g [73]
t=30min, T=25+1°C
Chitosan-coated Saccharomyces Cu(Il) pH =4.5, Ci = 40-500 mg/L, 96.8%, [40]
magnetic nanoparticles cerevisiae D=15g/L,t=2h,T=28°C 1449 mg/g
Zeolite NaY ESCheZi'Chia H 5_7 6.2 (}; / 1; 117 mg/L A
col1 . pa=5./7-6.2C1=11- mg/L, - o
Ni(II) £= 10 days, T = 37 °C 82.5-85.5%
. pH=4,Ci=100mg/L,D=20g/L,
Alginate t=24h T=27+1°C 6591 mg/g
L Arthrospira H =5.5,Ci =100 mg/L,
Silica gel platensis (SAG257.80) Pb(II) D= 2% g/L,t=24h,T= 2g7 +1°C 2.68 mg/g [48]
pH=5,Ci=100mg/L,D=20g/L,
Agarose t=24h, T =27 +1°C 31.53 mg/g
Cu(Il) 75.6mg/g
. Scenedesmus H=5.0,Ci=600mg/L
- Zn(II p ’ &/t 55.2
Ca-alginate quadricauda 7n( ) t=120min, T=25°C me/g [75]
Ni(IT) 304 mg/g
Biochar derived from
rice straw 158.77 mg/g
Biochar derived from Bacillus cereus pH=7,Ci=180mg/L,
chicken manure RC-1 Cdil)  p_o2g/L,t=24h T=28+2°Cc 11014mg/g  [67]
Biochar derived from 127.71 mg/g

sewage sludge




Processes 2022, 10, 1758

9 of 25

Table 1. Cont.

Support . Immob'lhzed . Metal Ion Experimental Conditions Performance Ref.
Microorganism Specie
Fe(III) 85-95%
Sulfat duci Zn(II) pH — 7, Ci=10 mg/L 85—95%
Sodium alginate ! 1:;i‘§ri:C1ng Cd(I) and 50 mg/L, 85-95% [28]
—_— t=120h, T =30 °C
Pb(II) 85-95%
Ni(IT) 75-95%
v-Fe,O3 magnetic Aspergillus Ci=50mg/L,D=0,76g/L,
chitosan sydowii d(m t=24h,T=28°C 5640mg/g (6]
H=43,Ci=2to60mg/L
Cu(Il p ’ &/ 0.255
Agar beads Pseudt;f;onas $ D=30g/L, t=4h (for Cu(Il)) ms/g [62]
putida Zn(I) and 6 h (for Zn(I)), T = 24 °C 0.170 mg/g
Escherichia Cr(VI) 91mg/g
ol coli Zn(II) pH = 5.0, Ci = 10-200 mg /L, 78 mg/g 76l
aoun Staphylococcus Cr(VI) D=666g/L,t=24h T=25°C 56 mg/g
epidermidis Zn(Il) 19mg/g
. Aspergillus pH =6.0, Ci = 80-200mg/L,
Alginate niger ThV) b _004g/L, t=480min, T=40°Cc 2039 ms/s [V
Fe(Il) 129.83 mg/g
. Chlorella -  Ci=30-300mg/L; pH=6.0,
Ca-alginate oulgaris _ MnD b 04g/L,t=300min, T=25°C _ 11590ms/s  [40]
Zn (II) 10529 mg/g
Chiorella pH = 4.0, Ci = 10-300 mg/L,
Loofa sponge sorokiniana Cr(III) D=04g/L,t=20min, 69.26 mg/g [77]
T=25+£2°C
Sr(II) 3697 mg/g
Magnetic chitosan Saccharomyces pH=6,Ci=5-300mg/L, 64
beads cerevisiae _ Col) D=2g/L,T=30°C 30.92mg/5 [64]
Cs(I) 16.67 mg/g
Pb(II) 100%, 280.75
mg/g
Magnetic Fe3O,~ Staphylococcus Ni(ID) pH =5, Ci =0.03-0.5 mmol/L, 97.5%, 57.81 78]
phthalate nanoparticles aureus D=15g/L,t=20min, T=25°C mg/g
Cu(Il) 89.2%, /50.52
mg/g
Bio-carrier Beads Bacillus drentensis Pb(II) Ci=0.01-100 mg/L, 0.3332mg/g [79]
(polysulfone matrix) LMG 21831T Cu(I) D=40g/L,t=24h, T=20°C 0.5598 mg/g
Ca-alginate Bacillus cereus M1 Ni(II) pH = 6.0, Ci =25-1000 mg/L, 125mg/g [49]

D =3.8mg/L, t =200 min

Textile made of
100% polyester

pH =55, Ci = 20 mg/L,

Aspergillus australensis Cu(I) t=24h T=35°C

34.46%,246 mg/g  [63]

Ci—initial concentration of metal ions in solution, D = biosorbent dosage, t = contact time, T = temperature.

4. Performance of Continuous Removal of Heavy Metals Using Microorganisms

Analysis of heavy metals removal by microbial biomass in continuous systems is an
important step towards the successful scale-up of the remediation process. Heavy metals
removal from wastewaters using microorganisms has been so far carried out in various
types of columns: packed bed [45,80,81], fixed bed [51,82,83], fluidized bed [80], and airlift
columns [16]. Fixed bed column systems are, for example, commonly used in separation
and purification processes since they can most effectively use the difference in concentration
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which ensures the movement in the system [81]. Its advantages in comparison with the
use of free cells is the reduction of possibly clogged biomass, and an easier separation and
reuse of the microbial biomass [82]. The advantages of packed bed columns are represented
by good generated yields, good operability, the residence times, and the capacity to remove
metals in low concentrations from large effluent quantities [83]. Additionally, this type of

continuous system can be easily scaled-up [82].

Optimized conditions and the associated results of the microbial metal removal process
in continuous systems based on available scientific studies are summarized in Table 2

(microalgae), Table 3 (bacteria), and Table 4 (fungi).

Table 2. Removal of heavy metals in a continuous system using microalgal biomass.

Metal Microalgae Species Bioreactor Type Optimal Conditions Performance Ref.
. Initial metal concentration (mg/L) = 5; 57.58%
Scenedesmus il))(;ed—be}cll Fo}l:;lmn d pH= 2; Temperature (°C) = 22;
quadricauda (100 mm height an Biosorbent dose (g) = 0,2; [84]
biochar 6.6 mm internal Flow rate (mL/min) = 2; 13.10 mg/g
diameter) - -V onn.
Cr(VI) Saturation time (min) = 810;
o ‘ . Packed-bed column Initial metal concentration (rong/ L) = 100; 999%,
Spirulina platensis (calcium . pH = 1.5; Temperature (°C) = 30;
. (35 cm height and 2 cm . _ [50]
sghaiebend e dameey | Dosbative@ sk
Oscillatoria princeps (92%), Initial meta.l concentration o( mg/L) .: 20 -
; Y ae . pH = 4; Temperature (°C) = 20;
Spirogyra aequinoctialis (3%), Fluidized bed system : -1-
c . . . Biosorbent dose (g) = 1;
Oscillatoria subbrevis (2%), (1 m height and 7.5 cm Flow rate (L/h) = 100; [80]
Oscillatoria formosa (1%), and inner diameter) . [ 44.5mg/g
th ies (1% Bed height (cm) = 2.5;
Pb(Il) other species (1%) Particle size (mm) = 0.6-1;
Initial metal concentration (mg/L) = 100; -
Spirulina platensis (aleinate bead Packed-bed column pH = 5-6; Temperature (°C) = 25; -
i Z;Zf platensis (a glpale cads, (30 cm height and Biosorbent dose (g/L) = 1; 621.6 mg/g, [45]
chitosan, respectively) 2 cm inner diameter) Flow rate (mL/min) = 2; 124.32 rpg/ g,
Beads size (mm) = 2; respectively
Oscillatoria princeps (92%), Initial mfta.l concentration O(glg _/ L) = 50; -
Spirogyra aequinoctialis (3%), Fluidized bed system pH 1;.4' Te]ranpelsture ( _)1_. 20;
Oscillatoria subbrevis (2%), (1 m height and 7.5 cm Fl;) sorbent Loshe (ig)l&).’ [80]
Oscillatoria formosa (1%), inner diameter) B Oc‘i"’hr"’}til( /h) - ) 5f 39.5mg/g
and other species (1%) ed helg t(em) =25;
cd() Beads size (mm) = 0.6-1;
Initial metal concentration (mg/L) = 100; -
Spirulina platensis Packed-bed column pH = 5-6; Temperature (°C) = 25; — 4]
(alginate beads, (30 cm height and Biosorbent dose (g/L) = 1; 213.58 mg/g,
chitosan, respectively) 2 ¢cm inner diameter) Flow rate (mL/min) = 2; 89.93 rtr}g/lg,
Beads size (mm) = 2; respectuvely
Oscillatoria princeps (92%), Initial mfta.l concentration O(rng _/ L) = 50; -
N X o o pH = 4; Temperature (°C) = 20;
Spirogyra aequinoctialis (3%), Fluidized bed system : .
As(I) c . A . Biosorbent dose (g) = 1; [80]
Oscillatoria subbrevis (2%), (1 m height and 7.5 cm 2 .
! ! b : Flow rate (L/h) = 100; 35mg/g
Oscillatoria formosa (1%), inner diameter) : .
. o Bed height (cm) = 2,5;
and other species (1%) Beads size (mm) = 0.6-1;
Oscillatoria princeps (92%), Initial meta.l concentration o( mg/L) .: 20 -
; Y ae . pH = 5; Temperature (°C) = 20;
Spirogyra aequinoctialis (3%), Fluidized bed system Biosorbent dose (g) = 1;
Oscillatoria subbrevis (2%), (1 m height and 7.5 cm B ] [80]
. . . . Flow rate (L/h) = 100; 41 mg/
Oscillatoria for 1% ; 8/8
scillatoria formosa (1%), inner diameter) [
. Bed height (cm) = 2,5;
Cu() and other species (1%) Beads size (mm) = 0.6-1;
Initial metal concentration (mg/L) = 100; -
Spirulina platensis (alginate beads, Packed-bed column pH = 5-6; Temperature (°C) = 25; 196.99 mg /
chitosan, respectively) (30 cm hmght and 2 cm Biosorbent dose (g/L) = 1; P ;54 /8 [45]
inner diameter) Flow rate (mL/min) = 2; : n'ig/ 8
Beads size (mm) = 2; respectively
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Table 3. Removal of heavy metals in a continuous system using bacterial biomass.
Metal Bacteria Species Bioreactor Type Optimal Conditions Performance Ref.
Acrylic column Initial n;«Ietflzc.cElcentratlon (mg/ L.) =26; 100%
Arthrobacter (25 cm height and Pl = 2; Room temperature;
i 32 . Flow rate (mL/min) = 10; [85]
viscosus ‘d.cm Tner Exhaustion time (min) = 350; 20.37 mg/g
fameter) Biofilm amount (g/L) = 5.75;
Initial metal concentration (mg/L) = 10; 51 + 4.23%
Microbi.a.l consortia Continuous flow pH=7; Temperaturg ( S) g .37;
immobilized beads reactor (30 cm height Flow rate (mL/min) = 0.5;
Total C (Bacillus subtilis, ez;;g 25 crcn inr?e% Saturation time (min) = 120; [86]
otal Cr Acinetobacter junii, di.ameter) Bed height (cm) = 18; 224 +8.16 mg/g
Escherichia coli) Particle size (mm) = 1-2;
5% bacterial consortium in a bead;
Initial metal concentration (mg/L) = 300; 23.94%
. . pH = 3; Temperature (°C) = 30;
Algmatg beads loa'deq with Column (30 cm height Flow rate (mL/min) = 3;
Acinetobacter junii, and 1.5 cm inner Saturation time (min) = 105 [30]
Esche;jzchla colz‘a'nd diameter) Bed height (cm) = 20; 657 mg/g
Bacillus subtilis . . .
Particle size (mm) = 1;
5% (w/v) bacterial consortium;
. Initial metal concentration (mg/L) = 26; 42.4%
Acrylic c.olumn pH = 2; Room temperature;
Total Cr Arthrobacter (25 cm height and Flow rate (mL/min) = 10; [85]
vIScosis 3.2.cm mnner Exhaustion time (min) = 350; 20.37 mg/g
diameter) Biofilm amount (g/L) = 5.75;
Initial metal concentration (mg/L) = 103.6; 85.38%
H=5;T ture (°C) = 30;
Free, immobilized Fixed-bed column P > ernpe_ra ure ( C.) . 30;
. . Flow rate = 2 mL/min;
Pb(II) A (respec;lw;ly) hil (30 c'm helglg'h tand 2 cm Saturation time (h) = 68.29; 163.9, (51
eromonas hydrophila inner diameter) Bed height (cm) = 19; 138.88 mg /g
Particle size (mm) = 0.1; (respectively)
Initial metal concentration (mg/L) = 15.2; >80%
. . pH =-; Room temperature;
. Ahv.e Baczl.lus cereus Fixed-bed column Flow rate (mL/min) = 7;
Cddrn) (ﬁxe(fi with actlvate}eld clilrbon (3.1 cm inner diameter) Saturation time (h) = 40 i [87]
rom coconut husk) Bed height (cm) = 21.5;
Particle size (mm): -;
Table 4. Removal of heavy metals in a continuous system using fungal biomass.
Metal Fungi Species Bioreactor Type Optimal Conditions Performance Ref.
Initial metal concentration (mg/L) = 100; -
pH = 1.5; Temperature (°C) = -;
Aspergillus niger Column (4 cm Flow rate (mL/min) = 5;
(alginate beads) inner diameter) Saturation time (h) = 17; [88]
Bed height (cm) = 40; -
Beads size (mm): 3.2 mm =+ 0.1 mm; 5%
(w/v) biomass/bead.
Initial metal concentration (mg/L) = 50; -
pH = 2.5; Temperature (°C) = -;
Flow rate (mL/min) = 5;
Cr(VI) Trichoderma viride Column (2.5 cm inner Equilibrium time (h) = 4.6; 81
(sodium alginate beads) diameter) Saturation Fime (min) = 667.8; 688 + 0.03mg/g [81]
Bed height (cm) = 20;
Particle size (mm) = 4;
5% (w/v) fungal biomass/bead;
Initial metal concentration (mg/L) = 199; 49.89%
pH = 1.3; Temperature (°C) = -;
Rhi i (113(6)i f:l;sig?gitc ngn;ns Flow rate (mL/min) =0.8; [89]
izopus arrhizus . Resi . in) = 20:
cm inner diameter) esidence time (min) = 20; 5211 mg/g

Bed height (cm) = 45;
Beads size (mm) = 2.429;
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Table 4. Cont.
Metal Fungi Species Bioreactor Type Optimal Conditions Performance Ref.
Initial metal concentration 96%
L) =1000-1300; pH = 5.1;
. . Airlift bioreactor (mg/L) o p_ o
Cr(IIT) Aspergillus niger (3 L volume) Temperature (°C) = 30; [90]
volume Ventilation (v/v) = 4; 208.70 mg/g
Contact time (h) = 32;
Aspergillus -
caespitosts Packed-bed column Initial metal concentration (mg/L) = 600;
(immobilized (35 cm length and H =55+ 05; T t g(°C) [91]
lutaraldehvd linked cm length an pH=5. .5; Temperature =-;
g ar?alceiuzln glcggﬁistem € 1.5 cm inner diameter) Flow rate (mL/min) = 2.5; 670 £25mg/g
beads—AGCCAB beads)
Initial metal trati L) =120; %
Pb(Il Double-draft airlift i 1ap§ ezzas.grc;rrlrcl;relrzatégg ((o%)gi 2)2. 78%
) Sac;l;:;?glyeces COlumél ;267.9 cm height Biosorbent dose (g/L) = 3; [16]
and /.6 cm inner Airflow (L/min) = 3; 725mg/g
diameter) Mixing rate (rpm) = 200;
. . 18-22%,
) " ) 4 Fixed-bed column In1t1a%v[n‘1et§1 _co&;entratlon (mgo /C L)_: ?50 14-20%,
SPETSIILLLS TIger an (30 cm height and 2 cm mM; pH = - Temperature Q)= respectively [92]
Aspergillus terreus inner diameter) Flow rate (mL/min) = 3;
Support height (cm) = 6; -
Sﬁf;zz;;gz;;i Packed-bed Initial metal concentration (mg/L) = 11; 42.2%
(immobilized by column (33 cm height pH =53, Temperatgre () ==
Cd() growing onto and 10 em inner Flow rate (mL/ mm) =125; ) [82]
olvurethane diameter) 10% Breakthrough time (h) = 1.3;
POty : Bed height (cm) = 32.5;
foam material)
Initial metal concentration (mg/L) = 50; 42%
Double-draft airlift o
. pH = 5; Temperature (°C) = 22;
Cu(Il) Sm:c(;};g?:iiaye ces columcrll ;267.9 cm height Biosorbent dose (g/L) = 3; [16]
and /.6 cm Inner Airflow (L/min) = 3; 29.9 mg/gc
diameter)

Mixing rate (rpm) = 200;

In continuous systems, the pH of the effluent or metal solution, as well as the flow
rate and the amount of adsorbent, are the most important influencing factors [84]. The
concentration of the immobilization material can also impact the results of the sorption
process. Raising the calcium alginate concentration of Spirulina platensis encompassed
in calcium alginate beads decreased the sorption of Cr(VI) ions [50]. Spirulina platensis
isolated in calcium alginate beads was used in a packed-bed column for Cr(VI) removal and
generated a 99% removal performance [50]. The Arthrobacter viscosus bacteria species, as an
active immobilized biomass, was used in the form of a biofilm on a tubular, star-shaped
polyethylene support (17 mm external diameter and 10 mm height). The removal process
of an effluent with a 25 mg/L Cr(VI) concentration consisted first of the reduction of Cr(VI)
ions to Cr(IlI), the complete reduction taking place after 92 h. Then, the total chromium
retention capacity was analyzed. Thus, under these mentioned conditions, an uptake
capacity of 20.37 mg total Cr/g biomass was obtained [85].

The biochar form of the microalgae biomass, namely Scenedesmus quadricauda, has been
applied for the removal of Cr(VI) in a fixed-bed column. Three types of biochar synthesized
at three different temperatures (300, 500, 700 °C, respectively) were analyzed in batch mode
initially for their capacity to adsorb the metal ions. The best performance was observed in
the case of the biochar obtained at 500 °C and the results were even better than the ones
generated by the raw biomass. Therefore, the 500 °C microalgal biochar was also used in
the continuous system study.

In terms of differences in metal removal capacity between discontinuous and continu-
ous systems, although an initial Cr(VI) concentration three times higher was used in the
column study by applying Acinetobacter junii, Escherichia coli, and Bacillus subtilis incorpo-
rated in alginate beads, an approximately ten times higher sorption capacity was registered
than in the batch mode [30]. Furthermore, the use of Saccharomyces cerevisiae for Cu(Il)
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and Pb(II) biosorption in experimental conditions, which consisted of pH values of 5-5.5
and a biosorbent dose of 1.5 g/L in both batch and column systems, indicated a slightly
higher removal capacity for Pb(II) continuous removal than in a discontinuous system for
all initial metal concentrations (10-60 mg/L). In the case of Cu(II), removal capacity was
higher in batch mode for initial metal concentrations in the range 10-30 mg/L [16].

Real effluents have also been used for the study of heavy metals removal in continuous
systems by microbial biomass. A study conducted in an airlift bioreactor for the removal of
Cr(III) ions from a real tanning effluent by the fungi species Aspergillus niger, demonstrated
a chromium removal performance of 208.70 mg/ g (88%) in optimized conditions. The chem-
ical characterization of the treated effluent had a Cr(IlI) concentration of 1000-1300 mg/L,
pH 3-3.5, a total Kjeldahl nitrogen value of 160-245 mg/L, and total organic carbon value of
27,000-41,000 mg/L. A removal of Cr(VI) ions was also performed with the fungal species
Trichoderma viride [81] and Rhizopus arrhizus [89] in the form of sodium alginate beads in a
packed-bed column. The influence of other ions, including metals in effluent treatment on
the removal of Cd(II) by the heat-inactivated fungal species Aspergillus ustus and its immo-
bilization in silicon dioxide nanopowder, was also analyzed [73]. Regarding the optimized
experimental conditions, a pH of 7, a biosorbent dose of 50 mg, a contact time of 30 min,
and 25 °C were applied. The remarks showed a minimum degree of interference from
sodium ions and potassium with a concentration of 113.76 mg/g; the observed cadmium
concentration in this case being 122.87 mg/g. The maximum degree of interference was
identified in the case of Cu(Il) ions, a Cd(II) concentration of 85.86 mg/g being obtained. In
comparison with these results, cadmium sorption capacity without the interference of ions
was 124.66 mg/g [73].

Consortiums of various microbial species have also been applied for metal removal
in continuous systems. The consortiums can actually be more effective, since in the envi-
ronment, such conformations are usually found [93]. For example, six bacterial species
and two fungal species were immobilized in alginate beads, pre-treated with 0.1 M of HCl,
and altogether grouped in cellulose tissue. This combination successfully removed all
chromium from the treated industrial effluent in the discontinuous system and 98% in the
continuous system. Optimum parameters applied in the continuous system were a pH
value of 6 and a flow rate of 5 mL/min. In the case of lead ions, the consortium generated a
removal efficiency of 55% in both batch and continuous modes [94].

5. Sorption-Desorption of Heavy Metals Removal Using Microorganisms

Sorption-desorption studies carried out in continuous systems are important for the
future upscale of wastewaters bioremediation by microbial biomass. The desorption pro-
cess consists of the application of an eluent (namely a base or acid), which facilitates the
unbinding and recovery of the metal ions from the surface of the microbial biomass [95]. In
the case of the bioaccumulation process though, the desorption cannot be performed for
metal recovery. As in the case of the biosorption, the pH is the most important factor influ-
encing the efficiency of the desorption process [96]. The sorption-desorption mechanism is
illustrated in Figure 4.

The application of the desorption process in one or more cycles ensures the extension
of the sorbent’s life cycle, as well as the recovery of the removed metal for its reuse in
the industry. Using eluents for the unbinding of the metal ions from the cell wall surface
is thus important for ensuring the sustainability of the microbial remediation process.
After applying the feasible number of sorption-desorption cycles, the biomass residue with
ideally no metal at all in its structure can be used, depending on its chemical composition, in
compost for plant growth and development, or will be sent to deposits/landfills depending
on the quality and quantity of the metal left in the microbial biomass. Metals that can be
used in compost are iron, copper, cobalt, zinc, nickel, and molibdenum [97].

Sorption-desorption cycles have also been carried out at a laboratory level in continu-
ous systems. The Scenedesmus quadricauda microalgae species, immobilized in a polyethy-
lene column, was applied for the removal of Cd and Pb. Three sorption-desorption cycles
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were successfully performed using 0.5 M of HNOj3. After these three cycles, the obtained
desorption performances were 96% and 100% for Cd and Pb, respectively. However, sorp-
tion performance was quite low, at 9% and 12% for Cd and Pb, respectively [9]. Another
study used Trichoderma viride immobilized in sodium alginate beads in a fixed-bed bioreac-
tor. Five sorption-desorption cycles were applied for Ni, Zn, and Cr removal, respectively,
from wastewaters and recovery which was carried out using HCl as an eluent. After these
five cycles, the desorption performance was 75%, 53%, and 40.1%, respectively [81]. Further-
more, Phanerochaete chrysosporium immobilized on polyurethane in a fixed-bed bioreactor
was applied in two sorption-desorption cycles for the bioremediation of Cu and Cd. The
desorption performance using 0.1 M of HCl as an eluent was 65 and 75%, respectively [82].
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Figure 4. Sorption-desorption mechanism for heavy metals (HM) removal from wastewaters using
microbial biosorbents.

6. Life Cycle Analysis (LCA) of Metal Removal from Wastewaters Using
Microorganisms in Continuous Systems

Life-Cycle Sustainability Assessment (LCSA) provides a framework for the sustainabil-
ity of processes and products from the perspective of all three dimensions of sustainability:
environment, economic, and social [98]. The impact of a product or process on the envi-
ronment component is analyzed by Life-Cycle Assessment methodology (LCA or E-LCA),
considering environmental as well as human health effects. Furthermore, the economic
dimension is attributed to the Life-Cycle Costing (LCC) methodology, which assesses
all the costs associated with the analyzed product or process system. Social Life-Cycle
Assessment (5-LCA), on the other hand, analyzes the impact on the social dimension in-
cluding stakeholders, employees, communities, etc., and it is less developed than LCA and
LCC [99]. The methodologies part of the LCSA framework that have been mostly applied
so far in research studies are thus Life-Cycle Analysis (LCA) and Life-Cycle Costs (LCC). A
schematic representation of the three methodologies comprised by the LCSA framework is
included in Figure 5.

Life-Cycle Assessment (LCA) methodology is a very well-established methodology
defined by the standards ISO 14040 and ISO 14044 and includes four main phases of appli-
cation: goal and scope definition, inventory analysis, impact assessment, and interpretation.
The starting point of the LCA analysis is the establishment of the system boundaries. This
can be used in several forms: cradle to gate, gate to gate, gate to grave, and cradle to
grave (Figure 6). Out of the four potential options, the cradle to grave type of system is
the one that includes the input and output emissions and flows from the raw materials
to waste disposal [100]. Taking into consideration the lack of environmental impact data
regarding the metal removal from wastewaters using microorganisms in column systems,
studies approaching any of the possible system boundaries options can bring added value
at this point.
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Figure 6. Defining system boundaries for the LCA of metal removal from wastewaters in continuous
systems using microorganisms.

The application of LCA methodology enables the conversion of different consumed
resources and generated emissions into a quantified environmental impact. These flows
are converted into impact categories through characterization factors and models. The Life
Cycle Inventory (LCI) includes the inputs and outputs in terms of emissions and materials
which are finally quantified into an environmental impact according to the established
objective [101]. A schematic overview of the Life-Cycle Inventory applied to the continuous
removal of metals from wastewaters using microorganisms is included in Figure 7.

The need to optimize energy efficiency in wastewater treatment has been acknowl-
edged by many authors. The energetic consumption is even higher and thus important to be
reduced at a higher scale. LCA studies in this field have also identified energy consumption
as usually having the highest contribution to the quantified environmental impact [102,103].
The use of renewable sources of energy can reduce some of the impacts such as CO, emis-
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sions. However, in the case of biofuels and biogas, there are drawbacks which consist of
deforestation, a high waterfootprint, and land occupation for biomass production [104].
The possibility to recover and reuse the used solvents and water ensures a decrease in the
final environmental impact [98]. The process flow differs to some extent between batch
and column systems and between microbial-based biosorption and bioaccumulation pro-
cesses. Using microorganisms for metal removal in continuous systems involves complex
equipments and materials that can determine a higher environmental impact as well as
increased costs. Furthermore, the LCI phase and data analysis require a different approach
in the case of the continuous system depending on the type of column. Reusing treated
effluents as a source of water is also a common practice inside wastewater treatment plants
(WWTPs), with demonstrated reduced environmental impact [104]. Water recovery and
reuse can ensure a reduction in both environmental impact and the total costs, whereas
the application of sorption-desoption cycles in metal biosorption by microorganisms can
extend the life cycle of the used microbial biomass [105]. Further extensive research is
therefore needed to reduce the environmental impact of metal uptake from wastewaters
in continuous systems, energy consumption being one of the hottest issues to investigate.
Thus, to make this possible, investments, economic support, and mutual effort is required
from stakeholders, leaders who have the ability to make technological decisions, as well as
policymakers [106].

System

g
Thermal - ! Y Efluent
energy \ » Raw materials |
Natural - | acquisition and ' Air
1 . .
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Figure 7. Overview on the Life-Cycle Inventory for the continuous removal of metal ions using
microorganisms.

Industrial wastewaters typically contain more than only one type of metal ion. This
makes the microbial remediation process in scaled systems more complicated, with lower
performances and higher contact time for metal uptake being possible due to the com-
petition of the ions for the available binding sites [31,105]. The higher contact time can
entail higher energy consumption and thus a higher environmental impact. The compo-
sition of metal-loaded wastewaters and the interaction between the metal ions can differ,
depending on the development stage, profile, and regional distribution of the generating
industry /industries [107]. Thus, the multiple involved parameters and factors make the
environmental impact analysis and ecodesign of the associated processes a complex matter.
Most conducted research regarding metals removal from wastewaters using microorgan-
isms has been applied to mono-metal solutions in both batch and column studies. It is
therefore important to also develop research studies concerning the performance as well
as the environmental impact of microbial-based remediation of wastewaters loaded with
multiple metal ions.

It is worthwhile to consider that the use of microalgae in comparison with bacteria
and fungi could have a lower environmental impact in wastewater treatment, especially
for global warming impact categories, due to the fact that these microorganisms are photo-
synthetic and thus contribute to climate change mitigation. An LCA study on the impact of
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microalgae cultivation for bio-oil extraction and pyrolysis processing revealed that for 1 ton
of cultivated microalgal biomass, 220 kg of CO, are removed from the atmosphere through
photosynthesis. Furthermore, comparing the microalgae cultivation with terrestrial plants
cultivation (soybean and canola seed), a negative value was generated in the case of microal-
gae use (—222 CO; equivalent), thus environmental savings were recorded for the impact
category of global warming, whereas in the case of the plants use, a positive value was
generated (243.3 and 738.5 CO, equivalent, respectively). The value of the water use impact
category was much higher though for microalgae cultivation [108]. Thus, to succesfully
scale-up the microbial-based metal removal processes, LCA is necessary to be performed
in order to have a perspective on the environmental impact of the bioremediation and
to ensure minimum negative effects on the natural world [109]. A short overview of the
research and technology implementation status regarding the application of LCA, S-LCA,
and LCC for the analysis of microbial-based heavy metals removal using microorganisms,
from laboratory to industrial scale, is shown in Figure 8.

Strategies implementation and monitorization for the
integration of microbial based sorption of heavy metals in
wastewater treatment practices

Pilot scale results in terms of heavy metals removal
capacity and sustainability will need to be adapted,
monitored and adjusted
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Figure 8. Life-cycle sustainability assessment status research from a lab scale to industrial scale
concerning metal removal from wastewaters using microorganisms.

The choice of a specific LCA method is also important, since the results can differ
depending on the chosen model [110]. Various methods of environmental impact quantifi-
cation should be applied in research studies in order to have a significant outlook on the
final impact.

The quantification of the environmental and economic impact of continuous systems
for metal removal from wastewaters using microorganisms is very important to be analyzed
for the short term as well as for the long term. Furthermore, it is important that a thorough
sustainability analysis is conducted at an early phase of a process or product development
or if the process is not yet implemented in the design phase [111,112]. However, the
temporal distribution of the environmental impact resulting from LCSA, even that of LCA,
has not been sufficiently explored in general. The lack of development of the temporal
component of LCA methodology has been pointed out by many research studies especially
in terms of the evolution of the resulted emissions and environmental impact over the
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Dynamic LCA:

Q Data is collected on a periodic interval
O Time evolution of energy input
O Considers evolution of recycling rates
O Considers components replacement

throughout the life cycle

Static LCA:

O A single value as flow (constant values)
O Maintenance of energy mix throughout

the life cycle
Q Constant recycling rates

0 Constant equipments and components

throughout the life cycle

course of time [113,114]. The temporal analysis extrapolation is especially important for
the assessment carried out concerning impact categories related to human and ecological
toxicity [115]. Furthermore, considering the toxicity of heavy metals, especially the one
of certain ions such as Cr(VI), As(V), Cd(Il), Hg(Il), and Pb(II), as well as the potential
fluctuation/variation in the metal concentration of wastewaters, the temporal evolution
of the generated emissions should be performed for an accurate and realistic perspective,
regarding the associated environmental impact. For example, an important aspect is
represented by the management of the residual microbial biomass loaded with heavy metals,
especially obtained after the bioaccumulation process, in which case the metal ions cannot
be recovered through desorption. Additionally, considering the bioaccumulation of heavy
metals in living organisms, the determination of the long-term impact should be carefully
considered. According to Shimako et al. [114], the toxicity distribution is not enough for a
complete temporal understanding of the environmental impact identified through LCA.
Time variability expressed in the LCI step is also important in order to understand the
temporal component in the analyzed processes [116,117]. The main temporal aspects in
life-cycle assessment methodology are included in Figure 9.

Temporal system boundary Dynamic
(time horizon) scope

Goal and
scope
definition Dynamic LCA:
O Time dependent normalization factors
considering changes over time
0 Time dependent weighting factors
(dynamic weighting)

P

Inventory

" Interpretation
analysis - T

Static LCA:
O Normalization carried out with
1 uncertain changes over time
s 0 Maintained weighting factors
throughout the life cycle

Impact
assessment

T

e

Dynamic LCA: Static LCA:

Q Characterization based on
constant values of
inputs and outputs

O Time dependent
characterization
(dynamic characterizatiorn)

Figure 9. Temporal considerations in LCA.

Dynamic LCA (DLCA) was introduced with the scope of solving the temporal di-
mension issues of LCA. The principle underlying dynamic of LCA is processing the data
concerning emissions collected in the LCI step as a function of time. Furthermore, in
dynamic LCA, characterization factors are calculated in order to apply the analysis for any
time frame [118]. The Monte-Carlo Analysis can be applied to analyze the uncertainty of
several temporal aspects, including the ones of long-term emissions [116]. According to
Lueddeckens et al. [116], the outcome of the LCA analysis depends greatly on the time
horizon. The time horizon (TH) can be set as finite or infinite and it is an important aspect
and also one of the most commonly used for the environmental impact analysis through
DLCA. The option usually applied as the recommendation is the choice of infinite time
horizons, one of the reasons being the fact that some impact categories use infinite THs. An
exception in this sense is the land use impact category for which the time horizon is not
detailed [119]. There is also the concept of partial dynamic LCA. Yang et al. [120], applied a
partial dynamic LCA as well as a dynamic LCA for the global warming impact assessment
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of a crop residue gasification system. The authors performed the dynamic LCA by applying
instantaneous radiative forcing based on the results of the partial dynamic LCA. The use of
the static, as well as the dynamic approach, is, however, recommended in order to obtain a
thorough perspective on the generated environmental impact.

Taking into consideration the lack of data regarding the use of active or inactive
microorganisms for metal removal from wastewaters at a pilot or industrial level, data
simulation is an approach that can enable obtaining a larger perspective on the associated
environmental impact. de Faria et al. [121] applied dynamic LCA in wastewater treatment
using Python™ for the simulation of data, which was further processed in Umberto for
final LCA results. Although dynamic LCA has not been applied yet in the removal of heavy
metals from wastewaters using microorganisms, its use in wastewater treatment plants
from Poland [103] and Spain [122] has been studied. The establishment of the limits of the
analyzed system enables the identification of the main input and output data based on
the main sequential processes that are performed within the wastewater treatment using
microorganisms. The chosen system boundaries for the analyzed system describes the
temporal scope of the studied environmental impact. The description of the temporal
dimension in this way can be limiting, though, and can generate uncertainties [119].

The accuracy of LCA results can be improved not only by developing the temporal
analysis of the generated impact, but also through the study of the spatial dimension [123].
Countries differ in terms of economic situation and environmental pollution. In order
to be able to adapt the LCSA technology effectively to different geographic zones, these
aspects must be taken into consideration. The spatial dimension in LCA is included in a
relatively new concept named territorial LCA. There are two types of territorial LCA: one
that concentrates on the analysis of one activity only from a certain region and another
which evaluates the impact of all associated activities in the selected region [124].

The chemical composition of wastewaters loaded with heavy metals can differ signifi-
cantly regionally, which makes the introduction of local data very important for obtaining
the most realistic perspective on the generated impact. However, related characterization
factors cannot be used with most of the available LCA methods [110]. The characteri-
zation factors should be used in order to determine the impact based on the pollutants
involved and the local geographic area [123]. Characterization models which are developed
considering Europe area are IMPACT 2002+, ILCD, EDIP2003, and CML-IA, whereas for
North America, LUCAS, BEES, and TRACI are applied. Furthermore, IMPACT world+ was
created based on IMPACT 2002+, LUCAS, and EDIP2003 models and includes regionalized
characterization factors for most of its impact categories. ReCiPe2016, one of the most com-
monly applied LCA methods, also includes some country or region-based characterization
factors. In terms of inventory databases, Sphera and Ecoinvent include data on different
geographical scales [125].

The USEtox model is an established method for the quantification of the environmental
impact on human health, being the general recommendation of the European Union in
this matter. The spatial dimension can be a problem because of the too general geographic
area taken into consideration by this method. USEtox enables the analysis of the impact
on both global and country level, comprising 8 continental and 17 subcontinental zones.
The available LCA methods are generally superficially considering the impact on a country
level, whereas the environmental conditions and data can differ significantly even inside the
territory of a state. This necessary regional data are scarce though [123]. Another approach
for addressing the spatial dimension for environmental impact quantification is applying
LCA methodology, as well as ERA, a method analyzing the ecological effects of single-
substances or different combinations of chemicals. This is due to the fact that, in comparison
with the LCA methodology, which typically lacks the time and space component, ERA
method includes these aspects. Another recommendation is using the LCA for a global
assessment and ERA for a local analysis of the impact [126].

The integration of both temporal and spatial perspectives is significant for accurate
results. On the other hand, variability due to data availability and quality in LCA of
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wastewater treatment is expected. Many factors, such as meteorological, geographic, num-
ber of households, businesses, and industries connected to a WWTP and their usual degree
of water use, influence the total LCA results. Taking this into consideration, uncertainty
analysis is an important step in order to ensure maximum accuracy of LCA results [127].

7. Conclusions

The use of microorganisms for sorption processes of heavy metals represents a promis-
ing alternative to the conventional sorbents and other physico-chemical methods. Des-
orption of heavy metals enables the recovery of the metal ions and multiple uses of the
microbial biomass, ensuring in this way a more sustainable remediation process. Heavy
metals sorption-desorption processes using microorganisms has demonstrated good results
in discontinuous (batch), as well as continuous (column), systems. Furthermore, different
immobilization materials, including nanomaterials, can be used for a more stable and
efficient remediation process. The current study shows the potential of performing metal
removal processes in continuous systems using microorganisms as sorbents as analyzed in
various studies in the field. Based on the synthesized scientific information, we conclude
that more studies concerning the parameters of optimization, performance analysis in
multiple sorption-desorption cycles, and multi-metal removal, as well as sustainability
analyses applied for continuous systems and pilot scale, are required in order to finally
upgrade the microbial-based metal removal process. An approach focused on the analysis
of real effluents is recommended for future research work in continuous systems.
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