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Abstract Biosurfactants are considered as an environmentally friendly and sustain-
able alternative to conventional fossil-derived and chemically produced surfactants.
Their production pathways, physicochemical properties, and applications are widely
researched and discussed in literature. In this context, investigating the different
impacts from the entire life cycle of biosurfactants is important to understand and
mitigate potential environmental hotspots. Life Cycle Assessment (LCA) is an
internationally accepted and standardized methodology to analyze the environmental
impacts of products from a holistic view. Therefore, this study provides a detailed
overview of existing LCA studies of biosurfactants by means of a systematic
literature research. The focus specifically lies on articles that investigated microbial
biosurfactants. However, the systematic approach used ensured a broader overview
related to bio-based surfactants as well. Furthermore, two related topics, ecotoxicity
and biodegradability of biosurfactants, were identified and discussed based on the
search findings. After screening over 2,500 documents using Scopus and Google
Scholar, six relevant LCA articles of biosurfactants could be identified. The identi-
fied articles are divided into LCA studies of alkyl polyglycosides, chemically
produced bio-based surfactants, and LCA studies of microbial biosurfactants, their
content analyzed and discussed in context. In conclusion, the number of available
LCA studies is very limited and their results are often not comparable. To the best of
the authors’ knowledge, this review is the first of its kind to provide a detailed
overview of LCA studies of biosurfactants. Consequently, the need for
implementing more LCA studies becomes clear.
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1 Introduction

The Paris Agreement and the United Nations Sustainable Development Goals are
two recent examples of global efforts to work together towards a sustainable future
[1, 2]. Furthermore, the combat against climate change and the implementation of
sustainable solutions regarding social, environmental, and economic aspects have
become an urgent international mission, for example, reflected by the European
Green Deal [3]. In doing so, the European Union follows various strategies, such as
the “Bioeconomy Strategy” [4]. The concept of bio-economy “encompasses pro-
duction of renewable biological resources and their conversion into food, feed,
bio-based products and bioenergy” [4]. It addresses numerous industries, such as
the chemical and biotechnological industry, where solutions are being investigated,
demonstrated, and scaled up from laboratory to industrial scale [4, 7,
8]. Biosurfactants are one example of a bio-economic product. While chemically
produced surfactants can also be bio-based, the term biosurfactant usually refers to
microbially produced surfactants [5, 6]. Various types of biosurfactants can be
produced utilizing the metabolic processes of microorganisms, such as bacteria or
fungi. Depending on the molecular weight of microbial amphiphilic metabolites, a
distinction is made between high-molecular-weight amphiphilic polymers or
bioemulsifiers, such as polysaccharides, and low-molecular-weight biosurfactants,
such as glycolipids and lipopeptides [9]. Widely studied glycolipids include
rhamnolipids (e.g., by Pseudomonas aeruginosa) [9], sophorolipids (e.g., by Can-
dida bombicola) [10], as well as mannosylerythritol lipids and cellobiose lipids by
various Ustilaginaceae species [11, 12]. Lipopeptides include surfactin and fengycin
produced by Bacillus subtilis, among others [13]. The applications of biosurfactants
are as diverse as their chemical structures and range from laundry detergents,
household cleaners, cosmetics, and pharmaceuticals to bioremediation [14—
21]. Some biosurfactants are produced on industrial scale and are commercially
available, such as sophorolipids and rhamnolipids [6]. More biosurfactants showing
promising properties and potentials for a sustainable production and respectively a
wide range of applications are studied and lab-scale processes are developed, such as
mannosylerythritol lipids, cellobiose lipids, surfactin, and polymyxin [5, 7, 16, 22,
23]. An excellent overview over bio-based surfactants is given in the book by Hayes
et al. [20].

When the potential benefits of biosurfactants regarding environmental sustain-
ability are pointed out, they are often referred to as being biodegradable, non-toxic,
generally eco-friendly, and considered having a low overall environmental impact
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[5, 6]. These attributes are often associated with bio-based products, however, not
automatically true in every case. For example regarding toxicity, it can be mentioned
that biosurfactants often show a low(er) toxicity compared to chemical surfactants
[24-29], but referring to them as non-toxic is incorrect. Separate and more detailed
investigations of the specific properties of each biosurfactant are needed to allow
these statements and cannot generally be applied to all biosurfactants. Furthermore,
the above-mentioned terms refer to different levels of the product; some describe
inherent properties of the product, such as biodegradability, others refer to the
production process or overall life cycle of the product, such as “having a low
environmental impact” [6, 30].

Taking the entire life cycle of a product into account is a common approach to
identify process steps within its production and disposal/use phase with high envi-
ronmental impacts and derive recommendations for effective measures to improve
the sustainability of products. In order to do this, Life Cycle Assessment (LCA) is an
internationally established and standardized method with life cycle thinking at its
core [31, 32]. LCA can quantify the environmental impacts of a product or service in
regard to various environmental issues, such as climate change, acidification and
eutrophication, etc. The obtained results can be used for holistic assessments and to
avoid a shift of burdens from one life cycle phase to another. Consequently,
researchers and companies alike can learn how to improve their production pro-
cesses and how to use a product more sustainably. In the case of chemicals, LCA
studies are often conducted using a cradle-to-gate approach focusing on their
production, as there are often many different possible applications strongly influenc-
ing the use phase [33]. Accordingly, a recent study investigated and presented a Life
Cycle Inventory dataset that represents a European average of the production of
conventional surfactants and raw materials (including coconut and palm oil) for the
reference year 2011 [34]. The dataset was developed in cooperation with 14 compa-
nies emphasizing the relevance of LCA studies for industrial stakeholders. However,
the relevance of the application and, consequently, the influence of the use phase on
the overall environmental impacts should not be neglected when following the life
cycle approach.

This study aims at providing a detailed overview of the existing LCA studies of
biosurfactants by means of a systematic literature research. The focus specifically
lies on studies that investigated microbially produced surfactants. However, the
systematic approach used ensures a broader overview related to bio-based surfac-
tants as well, where renewable resources are converted with chemical methods.
Additionally, the fields of ecotoxicity and biodegradability of biosurfactants are
summarized and discussed in relation to their relevance from the life cycle perspec-
tive. Relevant LCA studies related to the production, use and disposal of
biosurfactants are identified and put into context with the life cycle perspective.
The studies are compared on the basis of a content analysis. Research gaps and
requirements for future research are identified. In summary, this article aims to
provide a thorough literature review of existing LCA studies of microbially pro-
duced surfactants and bio-based surfactants. Furthermore, recent findings are
pointed out and future research perspectives are identified.
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2 Systematic Literature Research Approach

In order to provide a complete overview of existing LCA studies, a detailed and
systematic approach was followed during the research for this study. First, relevant
search terms were defined and combined. Second, relevance criteria were defined to
identify the relevant documents. Third, a predefined screening procedure was
followed. Finally, the identified studies’ content was analyzed regarding predefined
characteristics. This entire process is described in detail in the following paragraphs.

2.1 Search String Combinations

The literature research was carried out using the scientific search engines Scopus
(scopus.com [35]) and Google Scholar (scholar.google.com [36]) and was
performed in January and February 2020. The search strings used for the research
consisted of combinations of two or three search string components. The compo-
nents are associated with biosurfactants and sustainability assessment studies.
Although “biosurfactant” seems to be the most commonly used term, there are
different notations and expressions for referring to microbial biosurfactants. There-
fore, a number of terms for microbial biosurfactants and different spellings were
used for the search. The same applies to the terminology surrounding LCA. Numer-
ous variations were used as search string components, for example “TITLE-ABS-
KEY (“microbial surfactant” AND “life cycle assessment”).” All components used
for the search string combinations are shown in Fig. 1. 70 different search strings
resulted from combining the previously defined components. The results of these
70 document searches were then screened.

/ Biosurfactant-related search terms ﬂife cycle assessment related search terms
Biosurfactant synonyms  Biosurfactant types assessment environmental impact
carbon footprint assessment
biodetergent alkyl polyglucoside ecological assessment environmental impact
biodispersant glycolipid ecological evaluation evaluation
bioemulsifier lipopeptide ecological footprint green production
bio-surfactant mannosylerythritol ecological impact LCA
biosurfactant phospholipid ecological production life cycle assessment
biosynthetic actives rhamnolipid environment life cycle engineering
enzymatic surfactant sophorolipid environmental life cycle
microbial surfactant surfactin assessment production
environmental evaluation sustainability
\\ \\environmental footprint sustainable
N g g

‘ 70 combinations of two or three search string components used for literature research

Fig. 1 Search string combinations used during the literature research
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2.2 Definition of Relevance Criteria

As this literature review focuses on the evaluation of environmental impacts in a
holistic way, publications were considered if an LCA was conducted. Furthermore,
only peer-reviewed articles were taken into account to ensure a high-quality level. All
types of microbial biosurfactants were included. During the research it became clear
that the very narrow definition of biosurfactant limited to the microbial pathway would
exclude some detailed LCA studies of alkyl polyglycosides (APGs), which are
chemically produced but bio-based surfactants and often referred to as “first genera-
tion biosurfactants” [37]. Therefore, we included these studies in this review.

2.3 Screening Procedure

An illustration of the screening procedure is given in Fig. 2. First, if the search string
produced a high number of results (more than 200 results), the search string was

Combination of search strings
components

Modify
search string 70 search strings
combination
no Search string
sufficiently specific
(<200 results)?
Search strings meeting number of results criteria:
yes Scopus: 64, Google Scholar: 26
S Screening t|t|e§ and abstract
preview
\L >2.600 titles screened:
Scopus: 461, Google Scholar: 2.165, reverse snowballing: 97
Potentially
meeting scope ca. 85 % +  Only application of biosurfactants
and relevance * No LCA or other sustainability assessment
criteria?
es > 350 titles potentially meeting relevance criteria:
y Scopus: 139, Google Scholar: 212, reverse snowballing: 6
Snowballing Reading screening
and reverse
snowballing

>350 abstracts screened

Meeting scope
and relevance
criteria?

» Only application of biosurfactants
» No LCA or other sustainability assessment

6 relevant LCA studies on biosurfactants identified:
Scopus: 3, Google Scholar 5, reverse snowballing: 1

4{ Content analysis

Fig. 2 Screening procedure during the systematic literature research
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assumed to be too unspecific. In this case some results were screened to verify the
low share of relevant studies, and the search string was modified to increase the share
of relevant literature. Second, all titles and abstract previews of sufficiently specific
searches were screened to examine if the study could be relevant to the scope of this
literature review. Third, the next step was to read the full abstract and check against
the predefined relevance criteria. Additionally, more relevant articles in the field of
interest were retrieved from the relevant studies’ citations (snowballing) and using
the Scopus online database citation tracking (reverse snowballing).

2.4 Content Analysis Approach

Finally, the identified studies were analyzed in detail. For this content analysis, the
most important LCA characteristics were defined. These LCA characteristics
include:

* biosurfactant type,

* goal and scope,

e functional unit,

¢ software and database used,

* chosen impact assessment characterization method and categories,
e raw materials,

e production scale and production pathways,

* the field of the surfactant’s application,

e regional and temporal context.

These characteristics were analyzed for each LCA study on biosurfactants,
compared to the other LCA studies’ characteristics and discussed.

3 Results

This section first provides a general overview of the findings during the research for
this publication. Next to numerous studies related to the application of
biosurfactants, two related topics to LCA in the general field of environmental
analyses were identified and a short summary is given for both ecotoxicity and
biodegradability. Finally, an overview is presented for the six identified LCA studies
of biosurfactants.

3.1 General Overview Over the Search Findings

The titles of more than 2,600 documents were screened within this literature
research, consisting of almost 500 search results from Scopus and more than 2,100
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surfactant biosurfactant
environmental

g i
wt WS

Fig. 3 Word cloud of the top 50 words from abstract and keywords of all results in an exemplary
search string combination of a Scopus search: “biosurfactant” AND “environmental impact”
(71 results)

search results from Google Scholar. Most of the literature from the first evaluation
step covers related subjects rather than assessing the environmental sustainability of
the surfactants. Articles in this context focusing solely on the application of
biosurfactants account for a large share of results for the used search string combi-
nations. The potential application of biosurfactants for remediation is widely
discussed in academic literature [38]. Documents focusing on remediation account
for approximately half of the overall search findings.

To illustrate our findings, we created a word cloud of the 50 most frequently
occurring words in title, abstract, and keywords of the 71 documents found on
Scopus using one of the search string combinations, that was specific enough but
still resulted in articles from a broad range of fields (“biosurfactant” AND “environ-
mental impact”), displayed in Fig. 3. The list of words was processed by only
including the most frequently used words linked to the content of the text,
i.e. excluding words without meaning, such as articles, conjunctions, and pronouns.
In a second processing step, words found in singular and plural were aggregated to a
single word. The frequency of each word is represented by the size of the word in the
illustration, with “biosurfactant” having the highest number (267) and “compounds”
the lowest (34). This visualization in Fig. 3 shows many remediation-related words,
such as “bioremediation,” “biodegradation,” “pollution,” and “removal.” Various
research groups reported on biosurfactant-enhanced bioremediation processes
[38, 39]. Biosurfactants can be used in remediation of oil, petroleum, and diesel
spills [40], polycyclic aromatic hydrocarbons [41, 42], and heavy metal contamina-
tions of soil and ground water [43, 44]. The application of biosurfactants increases
the solubility of hydrophobic substances and bioavailability for microorganisms.
Corresponding word cloud listings are, for instance, “heavy,” “metal,” and “soil.”

Next to the application potential of biosurfactants in bioremediation, a further
research field is the use of biosurfactants in tertiary oil recovery discussed in various
articles [45-47]. It is represented by roughly 20% of documents in the search results.
Furthermore, main applications for biosurfactants are represented in the search
findings, for example, as detergents in washing agents and household cleaning
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products or as emulsifiers in cosmetics [48, 49]. Furthermore, researchers are
investigating anti-bacterial, anti-fungal, and anti-cancer properties of biosurfactants,
which offers opportunities for the use in medicine in the future [18, 50].

Another large share of results deals with new and optimized production processes
for biosurfactants (corresponding words in Fig. 3: “process,” “fermentation”) and
their substance properties (“properties,” “tension”). The use of microorganisms
(corresponding words in Fig. 3: “bacteria,” “biomass,” “fermentation,” “microor-
ganisms,” and “pseudomonas’”) as essential feature of biosurfactants is often put in
contrast to the conventional production pathway for surfactants (“chemical”). Sev-
eral articles focus on process optimization to improve the yield and conversion rate
through enhanced production strains, feedstocks, and operating conditions [23, 51—
53]. The use of agricultural side products and waste streams as feedstock for the
biosurfactant production offers potential for cost reduction (corresponding word in
Fig. 3: “waste”).

For the next selection, over 350 articles were considered potentially relevant. This
accounts for approximately 15% of the search results. Due to the information
provided in the abstract, six articles met the predefined relevance criteria investigat-
ing the environmental impact of biosurfactants with an LCA approach.

3.2 Ecotoxicity of Biosurfactants: A Summary

Biosurfactants are described to exhibit a “low toxicity” respectively “lower toxicity”
compared to fossil-based surfactants [24, 25]. However, only few toxicity studies on
specific biosurfactant variants deploying bioassays are available [26-29]. Therefore,
by increasingly applying biosurfactants, a probable entry into the environment has to
be considered and toxicity carefully assessed [26]. Different toxicity impacts ranging
from the environment (ecotoxicity, e.g., phytotoxicity, aquatic or microbial toxicity)
to humans (e.g., general toxicity, reproductive toxicity and carcinogenicity) are
conceivable given the above-mentioned applications [54, 55]. In the scope of this
short summary, we are focusing on ecotoxicity given that biosurfactants may be used
as household detergents and potentially ending up in the environment. Ecotoxicity
has been described as a chemical compounds’ “[. . .] toxic impact to the organisms
living in an environmental compartment like water, sediment or soil, is a substance-
specific property forming an essential element for the environmental safety assess-
ment” [55]. It is emphasized that not only the toxicity of a substance has to be
evaluated but also whether the amount released into the environment is sufficiently
high to have a toxic impact. This classification is underlined by the environmental
risk assessment regulation “REACH” as outlined by the European Chemicals
Agency, ECHA. For risk characterization of a substance, they describe a ratio of
(predicted) environmental concentration (PEC) to the (predicted) no-effect concen-
tration (PNEC) [55, 56]. In the following an exemplary study from 2016 was
selected to illustrate the assays deployed to test ecotoxicity of a (bio)surfactant.
The authors Johan et al. tested the toxicity of mono-rhamnolipid (m-RL) produced
by a recombinant Pseudomonas putida strain using different representative
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bioindicators. Different model organisms were treated with a dilution series of
m-RL. The organisms were used as bioindicators to test for: (1) embryotoxicity
and teratogenicity (Danio rerio), (2) cytotoxicity and growth inhibition (Aspergillus
niger, Candida albicans) as well as (3) immobilization (Daphnia magna) according
to OECD guidelines, international DIN standard and reported by [57-60]. Toxicity
was described by means of LCs, respectively ECsy values which are the lethal
concentration of a substance causing death to 50% of the organisms exposed
respectively the effect concentration causing 50% of immobilization of the organ-
isms exposed. High values represent a lower toxicity. The authors reported a mean
LCs( value of 60 mg/L m-RL for D. rerio, a dose dependent decrease in growth for
C. candida between 17 and 51 g/L, prevention of hyphen formation of A. niger at
68 g/L and an ECsq value of 50 mg/L (after 24 h) respectively 30 mg/L (after 48 h)
for immobilization of D. magna. In Table 1 representative (eco)toxicity studies for
prominent biosurfactants and synthetic surfactants are listed for comparison.

Table 1 Toxicity studies for biosurfactants. LCsy (50% of exposed organisms killed) and ECsq
(50% of exposed organisms immobilized) with respective time of exposure to substance (rounded
values)

Surfactant Bioindicator | LCs (1/ECs (2) | Reference
Biosurfactants
Mono-RL D. rerio 60 mg/L (1; 48 h) [26]

C. albicans >17 g/L, growth inhibition

A. niger 68 g/L, prevention hyphen

formation

D. magna 50-30 mg/L (2; 24-48 h)
RL and sophorolipids “Aquatic 20-77 mg/L (2; N/A) [29, 61,

toxicity” 62]
Surfactin D. magna 170 mg/L (2; 48 h) [28]
Saponin D. magna 128 mg/L (2; 48 h) [28]
Sophorolipids D. magna 11 mg/L (NOECY) [29]
Sophorolipids “Aquatic 29 mg/L (2; 48 h) [37, 63]

toxicity”
Synthetic surfactants
Sodium dodecyl sulfate D. rerio 4 mg/L (1; 96 h) [64]

D. magna 24-29 mg/L (2; 24 h); 18 mg/L [65, 66]

(2,48 h)

LAS (Cy — C14)b D. magna 53-0.7 mg/L (2; 48 h) [67]
LAS (Cio— Cyg)° D. magna 30-0.1 mg/L (1; 48 h) [68]
LAE (C4AE; — C14AEy)° 0.8-10 mg/L (1; 48 h)
Alkyl polyglycoside (Cg) | D. magna 557 mg/L (2, 48 h) [69]
Alkyl polyglycoside (C,_ 12 mg/L (2; 48 h)
14)
Triton X-100 D. magna 18-26 mg/L (2; 48 h) [70]

*NOEC, no observed-effect concentration
°LAS, linear alkylbenzene sulfonates
°LAE, linear alkyl ethoxylate (CH; — (CH,)X — (C,H4O0)YH); X = 13, Y = 1-9
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3.2.1 Toxicity in LCA

The impact assessment part of an LCA can include toxicity related impact catego-
ries, such as fresh-water ecotoxicity or human toxicity. Generally, the scope of an
LCA study includes the entire product system. Consequently, all substances entering
and leaving the product system (inputs and outputs) are taken into account. For the
evaluation of the environmental impacts, each substance of the inventory is taken
into account by multiplying the emitted amount with the respective characterization
factor [31, 32]. The development of characterization factors is complex and specific
for each impact category. Characterization models include the fate of a substance
once it is emitted into a compartment of the environment (air, water, soil), the
exposure of organisms (e.g., humans) to this substance and its effect once an
organism has been exposed [71, 72]. Especially for toxicity related impact catego-
ries, various differing models are available and calculations are bound to uncer-
tainties [72, 73]. For example, a recent study investigated the availability of
characterization factors for pharmaceutical emissions and their modelling in LCA.
The results of the study revealed several relevant methodological gaps, such as
missing specific impact pathways and a limited availability of characterization
factors in existing toxicity models regarding the studied substances [74].
Therefore, the toxicity of biosurfactants as investigated in the above-mentioned
studies could be included in future LCA studies, if proper characterization factors are
developed. At the same time, evaluating toxicity categories in LCA can shed light on
the impacts of the overall product system in this regard, while keeping in mind the
inherent uncertainties of current modelling approaches. However, LCA cannot be
used to determine the toxicity of a biosurfactant, or any substance for that matter.

3.3 Biodegradability of Biosurfactants: A Summary

As indicated by our search findings, biodegradability is a characteristic often asso-
ciated with biosurfactants. However, studies that actually assess their biodegradabil-
ity are rather limited and were previously described by Klosowska-Chomiczewska
et al. [75]. At the same time antimicrobial characteristics are also attributed to some
biosurfactants [16, 47, 76-80]. While this seems promising for their application in
pharmaceuticals or as antimicrobial agents, it may pose a challenge for biodegrada-
tion at high biosurfactant concentrations. After their release to the environment,
these antimicrobial characteristics of the biosurfactants could prevent or at least
delay a biodegradation [78]. Some described applications include an intended
emission of biosurfactants to the environment during their use phase. One example
is the widely described application for bioremediation, where their amphiphilic
characteristics are used to facilitate the solubilization of hydrocarbons and thus
enable their subsequent biodegradation [24, 47, 81]. Here the biodegradability of
the used biosurfactant itself would be a necessary prerequisite for its application, as it
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stays in the environment. Another example is using biosurfactants as detergents in
cleaning agents or as ingredients for cosmetics [82]. After their use by consumers
and disposal into the public wastewater system, an exposure to a water treatment
plant and afterwards the environment occurs.

The consideration of biodegradability is already taken into account in many
regulations and laws. The European Detergent Regulation (EC) No 648/2004, or
even REACH, imposes minimal degradation limits for a surfactant to be approved
for application as a detergent or as a chemical ingredient in other products, thus
making biodegradability assessments inevitable.

In biodegradability tests, a mineral medium solution or suspension containing the
test substance is inoculated with a mixed population of microorganisms (derived
from activated sludge, sewage effluents (unchlorinated), surface waters and soils, or
from a mixture of these [83] and incubated under aerobic or anaerobic conditions,
while dissolved organic carbon (DOC), CO, production, or O, uptake are measured
as indicators for biodegradation. A widely used test method for biodegradability is
standardized by the Organisation for Economic Co-operation and Development
(OECD). According to the OECD guideline, a substance is considered “readily
biodegradable,” when 70% of DOC, or 60% of the theoretical CO, (equivalent to
C content in the test substance) is measured within a 10-day window in the 28-day
test period under test conditions [83].

As published in part by Klosowska-Chomiczewska et al. [16] and summarized in
Table 2, most examined microbial biosurfactants show biodegradability and in some
cases with rates superior to some representative synthetic surfactants. Variations in
biodegradability results amongst the same biosurfactant group can be attributed to
either different test conditions or different compositions of the used biosurfactant
mixtures. For better comparability it is thus advised to use the standardized OECD
methods for future biodegradability studies.

3.3.1 Biodegradability in LCA

Information on the biodegradability of the biosurfactant is necessary for end-of-life
modelling in LCA, especially when assessing the ecotoxicity of a certain
biosurfactant after its release to the environment, as discussed above. Biodegrad-
ability values would provide the data needed to model the impact of remaining
residues of the biosurfactant after its use phase, whether the release to the environ-
ment is during the use phase (e.g., for bioremediation) or rather after its use phase
(e.g., as an ingredient in detergents or cosmetics).

As shown in our short summary, most examined biosurfactants show ready
biodegradability. This means that >60% of the biosurfactant is biodegraded within
a 10-day window, which is a good indication for an overall low impact on
ecotoxicity. However for a proper assessment of ecotoxicity, detailed kinetics of
biodegradation should be considered.
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3.4 Systematic Analysis of Existing LCA Studies

A total of six articles were found as described above. To illustrate the specific focus
of these studies, we created a second word cloud shown in Fig. 4 with the top
50 words from title, abstract, and keywords of the identified relevant LCA studies for
this review. Therefore, Fig. 4 visualizes keywords in a more specific context
compared to Fig. 3. Out of the top 50 words for each visualization, 13 are the
same, for example “environmental” and “biosurfactant” are similarly prominent
compared to Fig. 3. Moreover, both Figs. 3 and 4 show terms related to the
production of biosurfactants, production organisms, and biosurfactant types. How-
ever, the surrounding words in Fig. 4 show the specific focus of these studies, such as
“life,” “cycle,” “impact,” and “assessment.” Very specific LCA related terms can be
found, such as “functional,” “unit,” and “global,” “warming,” “potential,” or “CO,”.
Furthermore, each study left a distinct “finger print,” one example being the repre-
sentation of Azotobacter vinelandii, a production strain used in one of the studies
[52]. The number of occurrence for each word in Figs. 3 and 4 can be found in the
supporting information.

In the following, the content of all articles is summarized and divided into two
sections. One dedicated to the three articles covering LCA studies of APGs and the
other dedicated to LCA studies of microbial biosurfactants. Table 3 provides an
overview over all 6 investigated articles and the specific boundary conditions of the
conducted LCAs.

3.4.1 LCA Studies of APGs

Three LCA articles of alkyl polyglycosides (APGs) were found. APGs are chemi-
cally derived from renewable resources, mainly tropical oils and a sugar fraction. As

r

biosurfactant environmental
e = kil 1~ i

Fig. 4 Word cloud of the top 50 words from title, abstract, and keywords of the six relevant LCA
studies on biosurfactants
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APGs have been commercialized in large quantities for many years, studies on their
characteristics and applications are available as well as LCA studies. For this reason,
these studies can serve as a benchmark for LCAs of other biosurfactants. Figure 5
illustrates the life cycle stages considered in the relevant LCA studies on APGs.

In 2013 Guilbot et al. conducted a cradle-to-grave life cycle assessment for an
APG containing cosmetic cream and a cradle-to-gate life cycle assessment for raw
APG [92]. The APGs are synthesized via Fischer’s glycosylation of fatty alcohols
from palm kernel oil and glucose in France. The data for the synthesis of APG is
based on industrial primary data. Palm trees are assumed to be cultivated in Malaysia
and Indonesia, as well as the oil extraction. The following conversion of raw palm
kernel oil to fatty alcohol via transesterification and hydrogenation in Germany is
also based on industrial primary data. For the saccharide feedstock, glucose is
assumed to be produced from wheat starch in France. The LCA was carried out
using SimaPro 7.3.2 software and the Ecoinvent 2.0 database for background data.
The functional unit for the first investigation was defined as 1,000 kg of packed
APG. In addition, the use of the above-mentioned APG as emulsifier in a cosmetic
cream was investigated in a cradle-to-grave LCA. In this scenario, the functional unit
was defined as the provision of a cosmetic face hydration cream for one person for a
year, which equals 584.0 g of cream containing 29.2 g of APG. In the formulation
process, water, an oil phase, and APG are mixed. Packaging, transportation, store
supply, purchasing by the consumer, and use are also taken into account for this
consideration. Guilbot et al. showed that for the cosmetic cream, the formulation
phase and the use phase are most relevant for the environmental impact. The main
impact in the formulation phase is caused by the oil used in the formulation.
Regarding the use phase, transportation of the cream from stores to consumers
plays an important role. By contrast, the production of APG does not contribute
much to the environmental impact of the final cosmetic cream because of the low
weight share of only 5% in the formulation. Focusing on the production of the APG,
Guilbot et al. showed that raw materials, in particular fatty alcohol from palm kernel
oil, account for the highest environmental impacts in all categories considered. The
environmental impact of the fatty alcohol is induced through land use change in a
great extent and largely depends on the cultivation conditions of palm trees. Uncer-
tainties in the former land use, soil type, yield, and other assumptions more for the
palm tree cultivation result in significant variations on the carbon footprint.

Lokesh et al. introduced a method to produce APGs from only wheat straw
instead of typically used raffinated glucose and vegetable oils [53]. In this new
production process, the feedstock chemicals for the APG synthesis, octacosanol and
levoglucosan, are both produced from wheat straw. First, wax esters are produced
via supercritical CO, extraction of wheat straw. In a fractionation process,
octacosanol is separated from other fatty alcohols, fatty acids, esters, and dewaxed
straw. In the next process step, dewaxed wheat straw is pelletized. In a low
temperature microwave pyrolysis process with in-situ separation, the anhydro
sugar levoglucosan can be produced from dewaxed straw pellets and used as
feedstock for the glycosylation reaction for APG synthesis. The research group
carried out an LCA to investigate if this new method is more advantageous to
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conventional APG production from an environmental point of view. Therefore, a
functional unit of 1 g APG was defined and the above-mentioned LCA model of
Guilbot et al. was used as a baseline scenario. The APG production in the baseline
scenario is characterized by the use of glucose from wheat starch and palm kernel oil
instead of wheat straw. The cultivation of wheat and production was assumed to take
place in Great Britain. The research group used different literature data sources,
Ecoinvent 2.2 data, other databases and national inventories, as well as experimental
data for a newly developed ball milling process. Environmental impacts were
calculated by spreadsheet calculations for the impact category global warming
potential and subdivided into direct emissions and emissions from land use. The
wheat straw based APG appeared to have a lower direct GWP than the glucose and
palm kernel oil based counterpart, for both direct emissions and land use emissions.
The global warming potential caused by land use change was further investigated.
The study found that the fatty alcohol and starch production caused a higher GWP
than octacosanol and levoglucosan extracted from wheat straw. Furthermore, a
carbon storage credit was given for biochar to the wheat straw based APG. Biochar
is also known as activated wheat straw. It is formed as a side product of the pyrolysis
process. CO, stored as biogenic carbon in the biochar could potentially be seques-
tered via re-incorporation of the biochar into the soil. Three different change
scenarios were implemented to evaluate emissions from land use. Besides the
LCA impact category GWP, the additional indicators fossil-derived energy con-
sumption, water consumption, and the waste factor (mass of waste per mass of
product) were calculated. In a later study, Lokesh et al. extended their sustainability
analysis by conducting a life cycle costing analysis to quantify the economic
feasibility and resource efficiency of the described production process of APG
from wheat straw [93].

Another LCA study investigated the environmental impact of the APG produc-
tion from wheat straw and fatty alcohols from various sources [94]. Although Briere
et al. used the same raw materials for the APG production as Guilbot et al., the
feedstock for the Fischer glycosylation reaction is produced from wheat straw via a
newly developed acid-assisted ball milling process. Wheat straw crushing and
depolymerization of cellulose and hemicellulose take place at the same time. The
reactive short chain oligosaccharides obtained are directly used in the APG synthesis
with fatty alcohols, without any separation or purification steps. A cradle-to-gate
LCA was conducted for the production of 1,000 kg of APG to revise the environ-
mental impact of this new pathway. The SimpaPro 8.3 software and the Ecoinvent
3.3 database were used and the production was assumed to take place in France. In
the reference scenario, corn starch was used as carbohydrate source for the glyco-
sylation instead. Fatty alcohols were assumed to be obtained from palm kernel oil in
both scenarios. The impact assessment was carried out using the ReCiPe 2016
characterization factors and all 17 midpoint impact categories were taken into
account. The research group found that using this new method, the environmental
impact of the carbohydrate can be significantly reduced. The provision of fatty
alcohols from palm kernel oil causes the largest share in almost all impact categories.
Because of the low share of wheat straw and acid-assisted milling to the impact of
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the APG production, allocation procedure and the electricity mix only have a low
influence on the overall impact. Additionally, three different sources of fatty alco-
hols were compared to the global market mix of fatty alcohols used for the baseline
scenarios, in particular palm kernel oil, coconut oil, and petrochemicals. In general,
coconut oil generated the largest impacts, while palm kernel oil seems to generate
lower impacts. In contrast to the low impacts of wheat straw on the environmental
impact of the final product, the source of fatty alcohols strongly affects the APGs
environmental performance.

Three LCA articles on the environmental impact of APGs, a first generation
biosurfactant, were summarized in this section and an overview is provided in
Table 3. The first study used primary data from industrial APG production (Guilbot
et al.). The two subsequent articles originate from other research groups. They both
used raw materials for the APG production obtained from wheat starch in newly
developed processes. These two new APG production processes based on wheat
straw were both investigated in laboratory experiments. The scaled-up experimental
data was then used for a life cycle assessment analysis to identify hot spots in the
production. Both studies on wheat straw based APG referenced the industrial data
study of Guilbot et al. as a benchmark scenario.

3.4.2 LCA Studies of Microbial Biosurfactants

Following the defined relevance criteria of this literature review, only three LCA
studies of microbial biosurfactants were found. The life cycle stages considered in
these studies are presented in Fig. 6. Their scopes and main findings are shortly
summarized and discussed in the following paragraphs.

In 2017, Baccile et al. presented a multidisciplinary study focusing on acetylated
acidic sophorolipids [37]. The LCA study was conducted in addition to synthesis,
purification and characterization of the produced compounds, which were carried out
by all co-authors simultaneously using the same sample from one batch. For the
LCA, a cradle-to-grave approach was chosen. The application of the surfactant in a
household hand-washing detergent was investigated using the functional units of “1
hand wash” and, additionally, “1 kg of surfactant” for a comparative analysis. While
the focus was put on the impacts from the experimental fermentation and purification
processes of the original 150 L pilot scale, the processes were “assumed at a larger
scale” for the calculations. The exact scale taken into account is not specified by the
authors. The geographical reference is Belgium. The results for midpoint indicators
(ILCD midpoint v1.04 method) showed that the highest impacts in all evaluated
impact categories originate in the production phase, specifically from the substrates
(glucose and rapeseed oil). While the use phase had overall small impacts, the end of
life phase had noticeable impact in some categories, e.g. climate change and
eutrophication. Additionally, using endpoint indicators (ReCiPe endpoint v1.10
Europe H/A) the authors compare their results with reference products ranging
from linear alkylbenzene sulfonate (LAS) to APGs. The total environmental impacts
of the investigated sophorolipids are in the same range as for the reference products.
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It is pointed out that the currently small production volume should be kept in mind,
as the results are shown per volume of product. Baccile et al. conclude that the
environmental impacts depend largely on the raw material input and, therefore, an
optimization of the substrate ratio would lead to significant improvements. More-
over, the use of second-generation raw materials is mentioned as another optimiza-
tion possibility.

An article by Aru and Ikechukwu presents a gate-to gate LCA of biosurfactants
produced by a diculture of Azotobacter vinelandii and Pseudomonas sp. for an
application in bioremediation of oil spills in Nigeria [52]. The specific surfactant
type is not mentioned in the article. The analysis was based on laboratory processes,
including fermentation, purification steps, and recycling of solvents, and linearly
scaled to industrial production of “1,000 kg surfactant” which served as functional
unit. Although the LCI data for the entire process is given, only the metabolic CO,
emissions from the cultivation process are taken into account for calculating the
global warming potential. Similarly, the NH3 emissions are solely used to calculate
the acidification potential. Additionally, the electricity consumption is investigated
separately. Emissions to the environment are calculated assuming a power supply by
natural gas with a 33% conversion efficiency and using emission factors from the
United States Environmental Protection Agency. The authors conclude that the
emissions from the power supply contribute the most to the overall environmental
impacts. Furthermore, they point out that the intended application plays a key role, as
in the investigated case of bioremediation the microorganisms could be directly
applied to the soil avoiding the production of large amounts of surfactant in a
technical process and the associated emissions from the power supply.

Kopsahelis et al. [51] investigated the production of biosurfactants and
bioplasticizers from waste oils within the EU-project Bio-SURFEST [51]. In this
study, the environmental impacts resulting from the production of rhamnolipids and
sophorolipids are analyzed in a gate-to-gate LCA. The fermentation process condi-
tions of a pilot production in Greece and the reference year 2013 are taken into
account. Since the study focused on the synthesis of biosurfactants, the functional
unit is defined as “1 kg of product” and detailed results are provided for the
pre-inoculum, inoculum, and fermentation process stages. Purification of the surfac-
tants was not taken into account in this study. The results are calculated for six
midpoint indicators using the EPD 2008 V1.03 method. The authors point out that
the environmental impacts of the investigated rhamnolipids production are lower
compared to those of the sophorolipids production, due to the shorter duration of the
main fermentation process resulting in lower thermal energy and electricity demand
as well as less CO, emissions from the metabolic activity of the microorganisms
during fermentation. Furthermore, the obtained results are discussed in context with
the findings of Baccile et al. [37] and Guilbot et al. [92] and found to reach similar
conclusions. It is concluded that the biosurfactant fermentation mainly contributes to
the overall environmental impacts. Furthermore, Kopsahelis et al. [51] point out that
there are only few studies in recent literature that conducted life cycle based
sustainability analyses and, consequently, their importance is highlighted.
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In summary, the three analyzed articles presented LCA results of various micro-
bial biosurfactants using experimental data. While the specific surfactant type was
not mentioned in the limited study by Aru and Ikechukwu, Baccile et al. and
Kopsahelis et al. investigated sophorolipids and rhamnolipids in detail from a life
cycle perspective. While Kopsahelis et al. and Aru and Ikechukwu implemented a
gate-to-gate approach, Baccile et al. evaluated the application of the studied
biosurfactant in a hand-washing detergent and compared it with other conventional
surfactants. Kopsahelis et al. point out that there is a lack of similar studies in current
literature, which is reflected by the fact that Baccile et al. and Aru and Ikechukwu do
not mention other studies in their articles.

4 Discussion of Findings in Published LCA Studies

Even though thousands of documents were screened and abundant literature on the
characteristics and various environmental properties of biosurfactants are available,
surprisingly only two detailed LCA articles of microbially produced surfactants
could be found. As summarized above, ecotoxicity and biodegradability of
biosurfactants are in the focus of researchers and these findings can be useful in
the context of LCA. Contrarily, investigating the overall environmental impacts of
these substances by means of LCA seems to be neglected so far in literature.
Therefore, we broadened the scope of the original selection criteria during our
research to include relevant LCA studies of other bio-based surfactants as well.

The studied surfactants in the investigated studies were microbially produced
rhamnolipids and sophorolipids, as well as bio-based and chemically produced
APGs. Only one study did not specify the biosurfactant type, although the microbial
origin was made clear. It is not surprising that there were more studies found on
APGs (half of the results), due to the fact that they have been commercialized on a
larger scale. This is also reflected by the fact that the only study using industrial data
for the LCA was Guilbot et al. [92] investigating APGs. All other studies used
experimental or pilot-scale data and assumptions or simulations for scale-up calcu-
lations. In the case of the microbially produced biosurfactants, this reflects the fact
that many biosurfactants are still being researched and developed in lab-scale.
Similarly, only half of the investigated studies took into account the intended
application of the surfactant. Furthermore, the applications mentioned vary from
the use in a cosmetic cream or a hand-washing detergent to bioremediation.

Most of the analyzed articles focused on the biosurfactant production process,
more specifically, in the case of microbially produced biosurfactants, on the fermen-
tation process. While the downstream recovery and purification processes of the raw
surfactant from the fermentation broth were not explicitly mentioned in Kopsahelis
et al. [51], Baccile et al. described their ultrafiltration and extraction processes, but
did not discuss the influence on the LCA results in detail [37]. This might be due to
the fact that, in this case, “90% of the impact from the production phase is caused by
the fermentation and [. . .] especially the use of the renewable resources” [37].
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Generally, bio-based raw materials were in the focus of all studies and related
uncertainties discussed, especially concerning tropical oils used for the production of
APGs. In this context, the integration or omission of emissions from land use change
has a high influence on the LCA results, as shown in the investigated studies.
Furthermore, other associated topics, such as the loss of biodiversity, are relevant
when comparing the environmental impacts of different types of surfactants. Due to
these complex problems associated with tropical oils, waste streams are considered a
more sustainable alternative. This fact is reflected by half of the studies: two studies
that investigated wheat straw as a raw material for APG production and one study
investigating waste oil for rhamnolipid and sophorolipid production.

Almost all studies were published in the last few years (2017 and 2018) showing
the recent development of this research field. The exception of the earlier study by
Guilbot et al. [92] became a sort of benchmark study. Another common attribute of
almost all studies is their geographical reference. All studies clearly stating the
location mentioned European countries (France, Greece, Belgium and Great Britain)
and took this into account for the LCA modelling. Although Aru and Ikechukwu
[52] mention Nigeria as the location of the intended application of their
biosurfactant, it is unclear if this fact was taken into account for the LCA modelling.

The software applied to conduct LCA in three of the investigated studies was
SimaPro, and therefore the most frequently used software in the investigated LCA
studies of biosurfactants. One other study was carried out using spreadsheet calcu-
lations due to limitations of commercially available LCA software [53]. For two
studies the used software was not further specified. The Ecoinvent database provided
life cycle inventories for the background system for the majority of the investigated
studies, except for one study where software and database were not specified.

A wide variety of impact assessment methods were used in the investigated
studies, such as ReCiPe, ILCD, Impact 2000+, Eco Indicator, and EPD characteri-
zation factors for impact assessment at midpoint level. Baccile et al. additionally
assessed environmental impacts at endpoint level based on weighted sums of
midpoint impacts and used these to compare their results to a number of other
surfactants. The results are given as absolute values in some studies, whereas several
studies give the relative contribution of particular process steps to the overall impact
without going into detail. This might be caused by the experimental character of the
production process for microbial biosurfactants. At this early development stage,
LCA is an excellent tool to identify the optimization potentials of the newly
developed process. Thus, environmental hotspots can be found and improved before
going into scale-up. The functional unit was defined considerably consistent by mass
unit of surfactant (e.g., “1,000 kg of surfactant”) in the investigated studies. Since the
application of the surfactant was not specified in most cases, biosurfactants might be
used in different products. Therefore, the function of a product is hard to predict and
most studies’ scope was defined as cradle-to-gate or gate-to-gate. Only two cradle-
to-grave LCA studies were available. In these two cases, the quantification of the
function of the biosurfactant containing product was possible. While Guilbot et al.
took a closer look at the use of APG as emulsifier in cosmetic cream, which
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represents a commercial use case of APGs already, Baccile et al. considered
sophorolipids in a hand-washing detergent application.

Some studies concluded that the number of LCA studies of biosurfactants is
limited, which is also in line with our findings. Furthermore, only one study
compared their results to other surfactants. Baccile et al. showed that already
small-scale production conditions (i.e., estimated upscaling from 150 L pilot scale)
resulted in similar impacts compared to conventional detergents as reference prod-
ucts, such as bio-based soap, fossil-derived linear alkylbenzene sulfonate and
oleochemically produced ethoxylated alcohol among others [37]. Future optimiza-
tion seems likely and the authors mention the use of second-generation raw materials
and increased efficiency of the production process in this regard. This fact can only
encourage more researchers to conduct and publish LCA studies in the future.

The presented work provides a detailed overview of the published LCA studies
on microbial biosurfactants based on a systematic literature research. Nevertheless
there are still some limitations regarding the comparability of the investigated studies
and the derivation of significant findings or recommendations, for example regarding
a comparison of microbial biosurfactants with fossil-derived surfactants. In order to
facilitate such a comparison, firstly, goal and scope of the LCA studies require a high
level of similarity. The definition of the functional unit and cut-off criteria are crucial
determinants for the LCA. Moreover, the selection of life cycle inventory databases
for background processes and the impact assessment methods applied strongly affect
the results of the impact assessment. Besides methodological aspects of the life cycle
assessment, the development stages and production scales of microbial surfactants
differ strongly from the production of conventional surfactants and, therefore, offer
limited comparability. However, a study of conventional surfactants performed
within the ERASM SLE project [34] provides a proficient overview on life cycle
assessment of conventional surfactants and their precursors, of which some are also
relevant for microbial surfactant production. Furthermore, Rebello et al. compare the
outcomes of LCA studies of specific conventional surfactants and biosurfactants and
highlight the relevance of LCA for environmentally friendly surfactant production
[95]. The article finds that LCA of surfactants require the inclusion of appropriate
impact factors and points out the need for suitable and consistent data as well as LCA
expertise to perform a reliable comparison of different surfactants [95].

All in all, to perform a comprehensive LCA, it is required to take into account all
life cycle stages, such as production, use phase, and disposal. Due to the early stage
of their development, it is currently difficult to specify the use of microbial
biosurfactants in final products and their corresponding disposal pathways and,
therefore, to assess the use and end-of-life phases in LCA. Additionally, it is
necessary for a comprehensive LCA to address a wide range of environmental
impacts by assessing various impact categories in the impact assessment. This is
essential to identify hotspots in the product life cycle, since a specific production step
might correspond with high impacts in one impact category, while other production
steps cause significant impacts in others. This way, a shift of burdens between impact
categories and life cycle stages can be identified.
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5 Conclusions and Research Perspectives

This study provided a detailed overview of existing LCA studies of biosurfactants by
means of a systematic literature research. Over 2,500 documents were screened in
this process leading to six published peer-reviewed LCA studies that were investi-
gated and summarized in detail in this work. During the search process it became
clear that biosurfactants are often considered to be environmentally friendly, due to
the use of natural resources, their low ecotoxicity, and high biodegradability. These
properties are taken into account when conducting LCA. However, they are not
standalone indicators for sustainable products, but rather input parameters for a
comprehensive sustainability assessment. Studies that exclusively investigated
ecotoxicity or biodegradability of biosurfactants were not the primary focus for
this review, though playing an important role for assessing environmental impact
of biosurfactants. For this reason, ecotoxicity and biodegradability of biosurfactants
were identified as relevant topics and discussed in short summaries as part of
this work.

Regarding LCA studies of biosurfactants it can be concluded that the number of
available literature is very limited. Furthermore, a comparison of the results of the
investigated studies was not possible, due to various above-mentioned reasons. First,
the scope of the studies varied from gate-to-gate to cradle-to-grave. Second, partial
comparisons were not possible, because the results were calculated using various
methods and only in some cases presented in absolute values. Third, the applications
varied widely adding to the difficulty of a reasonable comparison. Taking the
application into account is highly relevant to be able to make concrete statements
about the environmental effects of a specific surfactant. Nevertheless, it became clear
that the main influence on the environmental impacts in the production phase of the
investigated biosurfactants can be attributed to the raw material inputs and energy
demand during the fermentation processes.

Although only few types of biosurfactants were in the focus of the investigated
studies, the overall importance of second- and third-generation feedstock for their
production became clear. Especially in the context of APGs, the replacement of
tropical oils, which are associated with burdens caused by emissions from land use
change and the loss of biodiversity, can be recommended from an environmental
point of view.

To the best of the authors’ knowledge, this review is the first to provide a
systematic and detailed overview of LCA studies of biosurfactants. At the same
time, only two detailed studies of microbially produced surfactants could be found.
Consequently, the need for implementing more LCA studies becomes clear. The
findings of the investigated studies give promising insights into lab-scale processes.
While individual environmental hotspots could be identified, the need for more
transparency and detailed reporting of LCA results became clear. These are required,
in order to provide comparable results and enable broader recommendations regard-
ing sustainable biosurfactant production and use in the future. Furthermore, to
implement sustainable processes on industrial scale and find suitable applications
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for biosurfactants, LCA studies can be a useful tool, as they provide a holistic
overview over the life cycle of a product and its environmental impacts on various
levels. In this regard, this study provided an overview of key findings in existing
studies and pointed out relevant research gaps. On this basis, future research can
contribute to closing these gaps and leading to truly sustainable biosurfactants.
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