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New water and wastewater treatment technologies are required to meet the demands created by emerging
contaminants and resource recovery needs, yet technology development is a slow and uncertain process. Through
evolution, nature has developed highly selective and fast-acting proteins that could help address these issues, but
research and application have been limited, often due to assumptions about stability and economic feasibility.
Here we highlight the potential advantages of cell-free, protein-based water and wastewater treatment processes

(biocatalysis and biosorption), evaluate existing information about their economic feasibility, consider when a
protein-based treatment process might be advantageous, and highlight key research needs.

As we learn more about the environmental distribution and fate of
chemicals and their effects on human and environmental health, facil-
ities treating water are increasingly expected to remove a broad range of
contaminants and achieve ever higher water quality targets. Further-
more, some of these contaminants have intrinsic value, if they could be
efficiently recovered in forms suitable for reuse, e.g., nutrients for
agricultural fertilizer or precious metals and rare earth elements as in-
dustrial components. At the same time, due to anthropogenic impacts on
climate, treatment processes are also under pressure to reduce their
energy requirements and environmental impacts. These are urgent,
important, and complicated drivers; these issues cannot be resolved by a
single solution. Part of the solution lies in expanding source control,
while other parts depend on using more holistic, broader criteria to
design treatment systems and developing a larger set of processes to
draw on. Biology holds a powerful set of tools that have great potential
in water treatment: proteins that can catalyze reactions (enzymes or
biocatalysts), sorb specific compounds (non-enzymatic biosorbents), or
transport specific compounds (transporters). This perspective piece fo-
cuses on the potential utility, limitations, and research needs of bio-
catalysis and biosorption for drinking water and wastewater treatment
applications. For both biocatalysis and biosorption, our definition is
restricted to cell-free proteins, not encompassing any whole cell
applications.
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This biological toolbox exhibits several potentially beneficial char-
acteristics. First, in comparison to chemical catalysts, proteins generally
function best under mild conditions typical of water and wastewater
treatment. Biocatalysts can maintain optimal activity over a pH range
from 6.5 to 9 and exhibit a predictable activity temperature dependence
(Hutchison and Zilles, 2015). Similarly, biosorbents can bind substrates
with minimal decrease in efficiency between pH 4.7 and 8.5 (Ven-
kiteshwaran et al., 2018). For treatment configurations (e.g., enhanced
coagulation, optimal corrosion control, precipitative softening) that
might fall outside the operational range of specific biocatalysts and
biosorbents, protein-based technologies could likely be placed else-
where in the treatment train.

Second, proteins often have high affinity for their substrate(s), which
is an advantage when treating micropollutants and other contaminants
characterized by increasingly low regulatory limits (e.g., phosphorus).
Third, biocatalysts have the potential for complete degradation of con-
taminants (e.g. (Hutchison and Zilles, 2018)), avoiding problems asso-
ciated with transformation products. Fourth, both biocatalysts and
biosorbents vary in their degree of specificity, which provides an op-
portunity to tailor process design. For example, more promiscuous
biocatalysts such as laccase have been proposed to treat a wide range of
contaminants (Chen et al., 2016; Garcia et al., 2011; Lloret et al., 2013).
On the other end of the specificity spectrum, the high specificity of
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perchlorate reductase is advantageous because it allows removal of
perchlorate in the presence of much higher concentrations of
co-contaminating nitrate (Hutchison et al., 2013), a situation that ion
exchange and whole-cell biological processes have difficulty with.
Moreover, selective biosorption processes can enable recovery of the
target without contamination from other constituents (e.g. (Ven-
kiteshwaran et al., 2018, 2020)). An ideal biosorption process would
leverage highly selective, sensitive, and reversible (under controlled
conditions) biosorption to facilitate recovery in a concentrated,
contaminant-free form suitable for reuse.

While cell-free biocatalysis is widely applied in pharmaceutical and
industrial biotechnology processes, it has not yet been widely imple-
mented for drinking water or wastewater treatment applications. The
high volume and low profit margin of water treatment industries present
challenges not faced in the pharmaceutical industry, contributing to the
most frequently voiced concern: that biocatalysts are too expensive. To
our knowledge, protein biosorbents are not yet in use industrially or in
water treatment, although they have been proposed for metals (Han
et al., 2017; Keshav et al., 2019; Maruyama et al., 2007; Xiao et al.,
2020) and phosphorus removal and recovery (Venkiteshwaran et al.,
2018, 2020). In this article, we examine the state of knowledge con-
cerning the economic feasibility of biocatalysis and biosorption for
drinking water and wastewater treatment. We then consider what types
of applications might be most amenable to biocatalysis or biosorption
and conclude by highlighting key research needs.

Evaluating the economic feasibility of biocatalysis and
biosorption

We begin with the specific case of biocatalysis for perchlorate
removal from drinking water, because this has been studied in more
detail. Our recent technoeconomic assessment suggested that bio-
catalysis could be a cost-competitive treatment for perchlorate (Hutch-
ison et al., 2017). Specifically, with directed research investment,
biocatalytic perchlorate drinking water treatment was projected to cost
$0.034 m~3, with global warming potential (GWP) impacts of 0.051 kg
CO, eq m™3. These values compare favorably to overall water treatment
costs and environmental impacts, constituting a potential increase of
6.5% in costs and 7.3% in GWP impacts compared to total drinking
water treatment plant operations without perchlorate removal. In our
analysis, these costs and impacts were also comparable to alternative
technologies at a more advanced stage of development: idealized bio-
logical perchlorate reduction and perchlorate-selective ion exchange.

These results are quite promising for an early-stage technology; why
are they so different from common expectations? Perceptions that bio-
catalysis and biosorption are too expensive often derive from concerns
about protein stability, effects of complex water matrices on proteins,
and production costs. Data from perchlorate-reducing enzymes
demonstrate that these concerns are not universally applicable. First,
perchlorate-reducing enzymes are quite stable, maintaining 58.2 % of
initial activity up to 23 days, without any effort to optimize stability
(Hutchison et al., 2013). A variety of approaches are also available to
enhance protein stability, including genetic engineering (Chandler et al.,
2020) and encapsulation in materials such as gels (Zhang et al., 2015) or
vault nanoparticles (Wang et al., 2015). Second, perchlorate-reducing
enzymes maintain high activity in real drinking water sources (Hutch-
ison and Zilles, 2015) and ion exchange regeneration brines (Hutchison
and Zilles, 2018). The third concern, production costs, is more difficult
to evaluate, since existing production protocols have been developed for
research purposes and are not optimized for large-scale production.
However, models for scale-up are available from the pharmaceutical
industry, and experience curves from a wide range of industries show
that substantial reductions in cost are typically achieved during tech-
nology scale-up and development (Thomassen et al., 2020; Wene, 2000).
These results illustrate the potential of this new toolbox; although key
technology developments are needed, economic feasibility appears
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attainable.

Implementing biocatalysis in a way that allows reuse of the proteins
is essential for cost-effective perchlorate treatment (Hutchison et al.,
2017), and likely for biocatalytic and biosorption approaches in general,
as others have noted previously (e.g. (Sheldon, 2007; Tufvesson et al.,
2010; Zhu et al., 2019)). A wide variety of approaches are available for
protein reuse (e.g. (Cao, 2005; Minteer, 2011)). Several of these ap-
proaches have been investigated for environmental applications,
including immobilizing proteins for use in fixed bed, regenerable, ion
exchange-style systems (e.g. (Venkiteshwaran et al., 2018)); displaying
them on a cell surface (e.g. (Chen et al., 2016; Hussein et al., 2020; Zhu
et al., 2019)); or attaching them to beads or nanotubes which can be
settled, filtered out, or recovered with a magnetic field, depending on
their size (e.g. (Kumar and Cabana, 2016; Zhu et al., 2021)). Despite
decades of research in the pharmaceutical industry, identifying an
immobilization strategy that maintains or enhances activity and stability
for a given protein remains largely a matter of trial and error. Integration
of data-driven approaches such as materials informatics (Jones et al.,
2020) has the potential to accelerate design of new materials featuring
effective immobilization, as discussed in a recent review (Zhu et al.,
2019). For our purposes here, the important point is that immobilization
and reuse are technically feasible.

To our knowledge, robust TEA and LCA analyses for contaminant
removal and/or recovery from water or wastewater using cell-free,
protein-based biosorbents have not been conducted. However, two
TEAs focused on the use of intact bacterial cells for sorption and re-
covery of rare earth elements from industrial byproducts identified
specific applications that were economically viable (Alipanah et al.,
20205 Jin et al., 2017). Both studies incorporated immobilization and
reuse of the whole-cell biosorbents, which was critical for economic and
environmental performance. Considering stability and matrix
complexity, the surface-expressed peptide tags on these cells were active
in a range of complex matrices, including acid leachate and geothermal
brine (Jin et al., 2017).

For biosorption, in addition to the concept of sorbent reuse, new
dimensions come into play. Biosorbents not only need to be retained or
recovered for reuse; their sorption capacity also needs to be regenerated
under controlled conditions, to release the target sorbate (analogous to
reversible, selective inorganic ion exchange). Like reuse, regeneration is
technically feasible. For example, phosphorus-binding capacity was
sustained over ten cycles of neutral and high pH washes that promoted
adsorption and desorption, respectively (Venkiteshwaran et al., 2018).
From a cost perspective, biosorption has additional potential benefits;
recovery of the compound being removed in a concentrated (high af-
finity), pure form (high specificity) could advance the waste valorization
paradigm.

Other considerations may be universal or specific to certain bio-
catalysts or biosorbents. As with any emerging technology, infrastruc-
ture buildup is necessary to supply protein-based materials. The protein
production scale required for the technologies proposed here is an
ongoing field of study. However, large-scale applications are being
pursued commercially for biocatalytic recycling of polyethylene tere-
phthalate plastics (Albert, 2020).

Although stability and sensitivity to complex water matrices were
not problematic for perchlorate biocatalysis, these important charac-
teristics affect the economic feasibility of biocatalysis and biosorption
and will likely vary across proteins. However, even in cases where sta-
bility and/or sensitivity are problematic, there are established routes for
improving protein characteristics, including mining biological diversity
(Mobilia et al., 2017), applying directed evolution (Arnold, 1996), and
using structure-based approaches (Sammond et al., 2007). On the
whole, then, realizing these technology improvements could put the
economic feasibility of biocatalysis and biosorption for water and
wastewater treatment within reach.

For perchlorate reduction, which requires reducing power, another
major technology development goal required for sustainable application
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is identifying effective and scalable means of supplying electron donors
(Hutchison et al., 2017). Identifying suitable sources of electron donors
or acceptors will be important for redox reactions, while other types of
reactions might require specific cofactors or cosubstrates, and yet others
might not require anything besides the biocatalyst and the contaminant
(Mobilia et al., 2017). For biosorbents, the materials needed for regen-
eration will be a key consideration.

Determining when biocatalysis or biosorption might be
appropriate

A decision to investigate one of these approaches should be based on
specific characteristics of the contaminant(s). In general, contaminants
with recovery value are good candidates for biosorption, while con-
taminants that are difficult to treat with existing methods are good
candidates for biocatalysis (Fig. 1). Biosorption could assist with the
recovery of economically-valuable constituents in water, facilitating the
shift from wastewater treatment plants to water resource recovery fa-
cilities. For contaminants that have little to no economic value, trans-
formation into innocuous end products is beneficial. Classification of a
compound as a contaminant generally depends on it having biological
effects. Since cells evolve over time to take up useful resources and to
expel or degrade toxic compounds, potential biosorbents or biocatalysts
are likely to be naturally occurring for many contaminants. In cases
where current technologies are unable to realize the full potential of
resource recovery or contaminant degradation, then, existing proteins
may provide new treatments based on biosorption/biocatalysis.

Biocatalysis and biosorption can be applied on their own or within
hybrid processes. Hybrid processes in which biocatalysis or biosorption
play a supporting role may provide particularly good opportunities to
rigorously evaluate performance and reliability in water and wastewater
treatment and to develop operational experience with these emerging
technologies. For example, sidestream biocatalysis could be used to
regenerate spent anion exchange brine (Hutchison and Zilles 2018),
enhancing the sustainability of ion exchange processes (Lehman et al.,
2008). Phosphate-binding proteins could facilitate anaerobic digestion
of enhanced biological phosphate removal (EBPR) biosolids by
capturing the released phosphate and allowing its recovery.

Specifically comparing biocatalysis and biosorption to biological
processes, in general whole cell biological processes should be investi-
gated first. They are likely to be less expensive, because the cells are
biologically regenerated within the process. However, there are a vari-
ety of applications where whole cell processes are ineffective or un-
competitive. For example, when a contaminant is present at low
concentrations or in sporadic pulses, it might be unable to sustain a
whole-cell process but could be amenable to treatment using cell-free
proteins. In other cases, there might be health risks, regulatory

Contaminant

Is it valuable?
YES NO

Is it difficult to Is it difficult to

separate? degrade/detoxify?
YES _~ \_
Is it difficult to
YES NO separate? NO
YES _~— _NO
Biosorption SES;igrt‘i%n Biocatalysis/| | Sidestream delz)ﬁlaség]t?on
process biosorption || biocatalysis process

Fig. 1. Biocatalyst and Biosorption Decision Tree: To identify applications
where the long-term prospects of biosorption and biocatalytic technologies are
promising, the context of existing technologies and markets is important.
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restrictions, and/or public relations concerns associated with the use of
whole cells, such as in drinking water treatment in the United States.
While the health risks associated with any specific biocatalyst or bio-
sorbent need to be evaluated, the building blocks of proteins are
nontoxic, and their inability to reproduce reduces the risk of widespread
contamination, as compared with whole cells. Biocatalysis and bio-
sorption can also provide more opportunities for a targeted process. For
example, biocatalysis allows removal of perchlorate in the presence of
excess co-contaminating nitrate (Hutchison et al., 2013), a condition
where whole cells preferentially remove the nitrate. Likewise,
phosphorus-binding proteins are being investigated as biosorbents, in
part because of the potential to selectively recover phosphorus, even in
the presence of structurally similar oxyanions such as sulfate and arse-
nate, which can co-adsorb to inorganic adsorbents (Venkiteshwaran
et al., 2020, 2021). Even when compound recovery may not be a pri-
ority, biosorbents’ selectivity and sensitivity may still have utility, such
as with ultra-low treatment targets (e.g., 10 pg/L arsenic).

To investigate the potential treatment landscape for biocatalysis and
biosorption in more detail, we collected and modeled key protein
characteristics and compared them to environmental contaminant con-
centrations. Specifically, for biocatalysts, kinetic parameters for activity
(Vmax) and substrate affinity (K;,) were used in conjunction with the
Michaelis-Menten equation to calculate enzyme activity (umole min~!
umole ! simplified to min~!) for contaminant concentration ranges
typical of environmental waters and wastewaters. The resulting
contaminant concentrations and corresponding biocatalyst activities
ranged across 12 orders of magnitude, a large treatment landscape
(Fig. 2a). Typically, biocatalyst activity profiles would have a charac-
teristic plateau at maximum activity, as seen with the phenol degrading
biocatalysts. This plateau is missing for several enzymes because the
environmentally relevant contaminant concentrations used here were
too low to support maximum activity. For biocatalysts on the lower part
of the graph, where activity is relatively low at relevant concentrations,
optimization of substrate affinity might be necessary. This research need
has been noted previously, for example in a study using laccase to
remove tetracycline (Abejon et al., 2015). Nonetheless, biocatalysts
provide advantages over chemical -catalysts, including using
earth-abundant, nontoxic metals in lieu of the rare and hazardous metals
common to traditional chemical catalysts and having faster kinetics. For
example, the perchlorate-reducing biocatalysts’ activity value is 41,000
times greater than rhenium-palladium-based perchlorate-reducing cat-
alysts (Hutchison and Zilles, 2015). Even more noteworthy are the
extreme reaction potentials achieved by the fastest biocatalysts, which
can push the upper bounds of the activity graph to ~10° min~! (Ogura
and Yamazaki, 1983).

For biosorbents, the relevant parameter is the equilibrium dissocia-
tion constant (Kg), which is a measure of the protein’s binding affinity
for the contaminant. The inverse of K4 is equivalent to the Langmuir
equilibrium constant. To calculate the results in Fig. 2b, the Langmuir
isotherm was integrated in a continuously-stirred tank reactor mass
balance with a flow rate of one million liters per day. A uniform distri-
bution of environmentally-relevant contaminant concentrations was
used to determine the moles of biosorbent required to achieve effluent
targets. Some precious metals were excluded from the figure due to their
low environmental concentrations. Several of the phosphate-binding
proteins are approaching an ideal binding efficiency frontier of 1:1
molar ratio of biosorbent to contaminant over a range of contaminant
removals. For these proteins, further efforts to optimize binding effi-
ciency (or to decrease the Ky value) may not yield substantial im-
provements. In comparison, the arsenic binding protein modeled here
shows room for improvement in binding efficiency.

Key research needs

As detailed in this perspective piece, the available data suggest that
biocatalysis and biosorption could be economically viable for particular
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Fig. 2. Biocatalytic and Biosorption Treatment Landscapes. a) Biocatalytic activity was calculated using the Michaelis-Menten kinetics equations, published kinetic
parameters of V. and Ky, and environmentally relevant contaminant concentrations. b) Biosorption was evaluated based on the amount of biosorbent required to
remove the contaminants at a flow rate of 1 million liters per day. This amount was calculated using environmentally relevant contaminant concentrations,
established regulatory limits, protein-specific dissociation constants (Kq), and a Langmuir isotherm. Contaminants were selected based on the availability of enzyme
kinetic information (biocatalysis) or binding affinity (biosorption) and their classification as contaminants of emerging concern, the presence of a U.S. EPA regu-
lation, and/or their economic value. Environmentally relevant concentration ranges were developed based on published measurements from surface and ground-
waters or wastewater influent. The low end of the contaminant range was further refined based on published health advisory limits available in the literature. For
both graphs, to account for the data uncertainty (e.g., standard deviations), Monte Carlo simulations (200 for biocatalysts and 2000 for biosorbents) were performed
with Latin Hyper Cube Sampling. In cases where standard deviations were not available, a uniform distribution +/- 10% of the reported values was used. The full
datasets and associated references can be found in the Mendeley data repository https://doi.org/10.17632/wt4mm84xv2.1. Code used to analyze data and create
figures is available at https://github.com/jhutchku/2021_03_MakingWaves.git.

water and wastewater applications. Our comparison of kinetic param- Conclusions

eters (for biocatalysts) and dissociation constants (indicative of binding

strength for biosorbents) with environmentally relevant contaminant e Biocatalysis and biosorption have the potential to provide robust,

concentrations suggests the potential treatment landscape is large. We high activity/capacity, tailored specificity, and low-cost processes,

turn therefore to highlighting key research needs for development of this improving our ability to meet water and wastewater treatment goals.

promising new water treatment toolbox. Biosorption additionally could facilitate resource recovery. This is a
As detailed above, development and demonstration of repeated cy- research area ripe for advancement.

cles of reuse is a key technology development goal. Although a few e Key research needs include i) evaluating different approaches for

studies have demonstrated cycles of reuse (e.g. (Chen et al., 2016; biocatalyst/biosorbent reuse and their associated impacts on activ-

Venkiteshwaran et al., 2018)), little data is available to show how many ity, stability, mass transfer, and flow rates and ii) conducting TEAs

cycles might be feasible, particularly in natural water and wastewater and LCAs, to guide technology development toward the most prob-

matrices, and support materials have not been optimized for these ap- lematic issues and the most promising implementations and

plications. More generally, the many different approaches for immobi- applications.

lization and/or recovery likely vary in their associated trade-offs,
including effects on activity, mass transfer limitations, and retention/-
recovery efficiency. Strategic use of integrated life cycle analysis (LCA)
and technoeconomic assessment (TEA) that include potential technol-
ogy improvements, also referred to as prospective assessments or
quantitative sustainable design (Shi and Guest, 2020; Thomassen et al.,
2019), should continue to guide technology development (Hutchison
et al., 2017), establishing a robust framework for development of bio-
catalytic and biosorptive treatment processes. It would be particularly
helpful to have a representative LCA/TEA for biosorption, as the value of
recovered product could shift the economics further into the competitive
realm.
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