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ABSTRACT

The discharge of olive mill wastewater (OMWW) presents significant environmental challenges due to its high
pollutant load, necessitating sustainable management solutions. This study explores a novel approach to treat
OMWW through microalgae-based bioremediation using orange peel (OP) and OP-derived biochar as matrices
for microalgae immobilization. Aligning with the principle of bioeconomy, this study treats a waste (OMWW)
with another waste in its raw form and as a high-value-added product maximizing its potential (OP and OP-
derived biochar). The technical feasibility and the environmental footprint through Life Cycle Assessment
(LCA) are evaluated. LCA includes different impact categories and focuses on climate change to quantify
decarbonization, considering as a function unit (FU) 10 g of OP (the amount used in the bioremediation tests).
OMWW was explored at 5 % and 10 % v/v (according to literature studies) using Chlorella vulgaris immobilized
on OP (scenario 1) and OP-derived biochar (scenario 2) of the chosen size. Scenario 1 (OMWW at 10 % v/v)
reached the highest performance by achieving ~70 % phenolic compound degradation, ~ 60 % chemical oxygen
demand abatement, and a climate change impact of 0.43 kg CO3 ¢q/FU. The strengths of Scenario 1 include high
bioremediation capacity and energy recovery from pyrolyzing microalgae-immobilized exhausted OP, specif-
ically refining pyrolysis bio-oil as an energy carrier which generates a surplus of energy. These results demon-
strate the potential of integrating microalgae with waste substrates for environmental remediation and energy
recovery, offering a sustainable approach to mitigate disposal impacts and close the loop in agro-industrial
systems.

1. Introduction

contaminants and high amounts of phenolic compounds (over 6 g/L),
and the discharge of these into water bodies and open spaces without

Waste disposal is a pressing global challenge, particularly in regions
where intensive agricultural activity generates significant amounts of
organic waste. Among these, the Mediterranean area is notable for its
extensive production of citrus fruits and olives, leading to substantial
quantities of orange peel (OP) and olive mill wastewater (OMWW). The
disposal of these organic wastes presents environmental, economic, and
social challenges, including pollution, greenhouse gas emissions, and
resource wastage [1]. In particular, aqueous effluents from olive oil
industries (~0.5 m> per 1000 kg of processed olives) contain several

treatment is reported to impact on the environment [2,3]. It has been
also reported that, in terms of pollution effect, 1 m> of OMWW is
equivalent to 100-200 m® of domestic sewage, highlighting its sub-
stantial pollution potential [4]. Despite these challenges, such waste
streams may also offer unique opportunities for valorization within a
circular bioeconomy framework.

Microalgae-based biodegradation provides an affordable and envi-
ronmentally friendly alternative to chemical or physical pollutant
removal processes. This approach not only treats wastewater but also
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produces valuable biomass, making it increasingly attractive [5].
However, a persistent challenge with microalgal treatment is the har-
vesting of algal cells, which limits the efficiency and scalability of these
systems. To overcome this limitation, the immobilization of microalgae
onto solid supports has been explored as a promising approach, allowing
for more efficient biomass recovery and potentially enhancing the sta-
bility of the treatment system. Further, functional groups from the
immobilized substrate can participate in the bioremediation process.
While immobilized living microalgae have been used for the removal of
single inorganic nutrients (e.g., ammonium, nitrate, and phosphate) and
heavy metals, research on their application for the degradation of toxic
organic pollutants, specifically from agricultural effluents like OMWW,
remains sparse [6]. Additionally, there is currently no published infor-
mation on using OP as a matrix for immobilizing microalgae for such
applications. Several synthetic carriers such as porous glass, ceramics,
polyurethane foam, and polyvinylidene fluoride, have been successfully
used for microalgal immobilization [7]. However, natural biomass-
based scaffold materials are less commonly used. These typically
include loofah [8], corn cob [9], or pine bark [10]. Furthermore,
microalgae can be immobilized on a natural biomass as it is or on the
solid product of the pyrolysis, named biochar. The immobilization of
microalgae on biochar is a topic of growing interest in environmental
and biotechnological research due to its potential applications in
wastewater treatment for the removal of heavy metals and environ-
mental mitigation [11,12]. This integrated approach not only opens new
routes for the bioremediation of phenolic-rich effluents but also lever-
ages agricultural waste within a circular bioeconomy framework, of-
fering a model that could be adapted for similar waste types globally.

Moreover, this work integrates environmental assessment through
ex-ante Life Cycle Assessment (LCA), a tool rarely applied to emerging
bioremediation technologies. In fact, after proving technical feasibility,
the environmental impact of these strategies must be assessed to enable
future scale-up. For this scope, the worldwide adopted tool is the LCA,
performed according to the International Organization for Standardi-
zation (ISO) 14040-44 standards. Conventional LCA studies typically
focus on established market-implemented plants and technologies,
whereas emerging technologies like bioremediation with immobilized
microalgae present challenges. These are derived from their low tech-
nological readiness level, which leads to uncertainties in scaling up and,
consequently, uncertainties in the quantification of the ecological effects
[13]. To face these challenges, the LCA community provides early sup-
port to technology developers through quantitative tools and by per-
forming “ex-ante” LCA using the data obtained at the laboratory scale
[14].

Overall, this study investigated the technical feasibility and the
environmental impacts of the bioremediation of OMWW with immobi-
lized microalgae on OP and OP-derived biochar. By combining technical
feasibility analysis with environmental impact assessment, this work
pioneers a sustainable waste management strategy with the potential for
broader application and scale-up. This study is the first to explore the
synergistic valorization of OP and OMWW by utilizing OP-based
matrices for the immobilization of microalgae in a bioremediation sys-
tem. By addressing the gap in sustainable disposal methods for these
wastes and evaluating environmental effects through ex-ante LCA, this
study lays the groundwork for future innovations in circular bio-
economy solutions and resource-efficient waste management.

2. Materials and methods
2.1. Materials

The microalgal strain used in the experiments was Chlorella vulgaris
CCAP 211, which was obtained from the Culture Collection of Algae and
Protozoa (Argyll, UK). The raw olive mill wastewater (OMWW) has been
supplied by a three-phase mill in Tuscany (Italy). OMWW has been
centrifuged at 5000 xg for 5 min to separate the liquid phase
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(subsequently used for the bioremediation experiments) from the solid
residues. Fresh orange peel (OP) was sourced from the local market in
Italy and immediately washed with distilled water to remove impurities.
All the materials and samples were stored in a freezer at —20 °C until
use. Upon removal from the freezer, the orange peels and OMWW
samples were allowed to thaw gradually at room temperature to mini-
mize any potential thermal shock that could alter their structure or
chemical composition. Calcium chloride (CaCly), magnesium sulphate
(MgS0O4), monopotassium phosphate (KH3POy4), iron (III) chloride
hexahydrate (FeClg e 6H30), sodium carbonate (NapCOs3), sodium
chloride (NaCl), sodium nitrate (NaNO3), and zinc chloride (ZnCl,) were
purchased from Carlo Erba Reagents (Milan, Italy). Vitamins B1, B8, and
B12 were purchased from Thermo Fisher Scientific (Waltham, USA).
Acetone, cobalt (II) chloride (CoCly), dipotassium hydrogen phosphate
(KoHPOy), ethanol, ethylenedinitrilotetraacetic acid disodium salt
dihydrate (NagEDTA e 2H50), manganese (II) chloride tetrahydrate
(MnCl, e 4H,0), Folin-Ciocalteu’s reagent, and sodium molybdate
(NagMoOy), were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Methanol, acetonitrile, and acetic acid (Carlo Erba Reagents, Milan,
Italy) of analytical grade were used for high-performance liquid chro-
matography (HPLC).

2.2. Substrates characterization

OP and biochar samples (produced as explained in paragraph 2.5)
were subjected to proximate analyses and ultimate analyses. Further-
more, the pH values of the samples were measured by mixingl g of
substrate in 20 mL of deionized water using a magnetic stirrer at 80 rpm
for 2 h.

Before conducting the slow pyrolysis process, a thermogravimetric
analysis (TGA) (using TGA/SDTA851, Mettler Toledo, Columbus, USA)
was performed under an argon atmosphere (inert gas). This analysis
aimed to determine the temperature range suitable for investigation,
based on the capabilities of the fixed-bed pyrolysis reactor available in
the laboratory (as detailed in paragraph 2.5). The temperature range
assessed was from room temperature to 800 °C, with a heating rate of
10 °C/min.

Proximate analysis of samples was performed with the TGA instru-
ment according to ASTM D7582-15. Briefly, 1 mg of a sample was
heated from room temperature to 105 °C under argon for 30 min for the
quantification of the moisture content. Then, the temperature was
increased to 950 °C at 20 °C/min and kept constant for 7 min to quantify
the content of volatile matter. Subsequently, the atmosphere changed
from inert to oxidative, and the sample was combusted for 10 min to
quantify the ash content. The fixed carbon (FC) content was determined
as the difference in the percentage of moisture, volatile matter, and ash
from 100 % (i.e., the total mass in percentage). Ultimate analysis con-
cerning the elemental analysis (CHNS-O) was performed with a Vario
Elementar Cube analyzer (Elementar, Hanau, Germany). A dry groun-
ded sample (20 mg) was fed to the elemental analyzer to quantify the
total carbon, hydrogen, nitrogen, and sulfur contents, while the oxygen
content was calculated as a difference of these elements considering the
ash content of the total sample mass. FTIR spectra of the samples were
taken with a Fourier-transform infrared spectrophotometer (Nicolet
iS50, Thermo Fisher Scientific Inc., WI, USA), and spectra were acquired
in the 4000-500 cm ™! wavenumber range in the attenuated total
reflectance (ATR) mode (ATR ID7/ITX, Thermo Fisher Scientific Inc.,
WI, USA). Samples morphologies were examined by scanning electron
microscopy (SEM) using Phenom ProX desktop (Phenom-World BV,
Eindhoven, Netherlands) operating at 10 kV with a secondary electron
detector (SED). The samples were coated with a thin conductive layer by
a gold sputtering machine.

Following established protocols from the literature, the main char-
acteristics of both raw and centrifuged OMWW were determined [3].
These parameters include pH values of 5.25 and 5.29, chemical oxygen
demand (COD) of 184.10 go,/L and 88.65 go,/L, total solids of 84.71 g/L
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Fig. 1. Schematic diagram of the two proposed scenarios. In both cases, microalgae were immobilized on the chosen substrates (orange peel (OP) or OP-derived

biochar) before the bioremediation assays with olive mill wastewater (OMWW).

and 25.19 g/L, and ash content of 1.33 % and 1.22 %, respectively.
2.3. Integrated strategies scenarios

Fig. 1 presents the diagrams of the evaluated integrated strategies
scenarios for the OP valorization and OMWW treatment with micro-
algae. Scenario 1 comprised a first extraction of high-added value
compounds (mainly polyphenols) from OP, followed by immobilization
of microalgae on the dephenolized OP, bioremediation experiments
with OMWW, and a final pyrolysis step to obtain biochar from the
substrates. On the other hand, scenario 2 comprised a first pyrolytic step
of the dephenolized OP, a subsequent immobilization of the microalgae
on the obtained biochar, and a final bioremediation experiment with
OMWW.

It must be noted that throughout the experiments performed, two
distinct categories of phenolic compounds are under consideration. The
first type of phenolic compounds is involved in an initial recovery step
aimed at extracting “beneficial” polyphenols from orange peels. These
recovered polyphenols have significant potential for future application
in the pharmaceutical industry and as dietary supplements, where their
antioxidant and health-promoting properties could be highly valuable
[15,16]. In a later stage, the bioremediation analysis was focused on the
uptake and biodegradation of phenolic compounds present in OMWW.
Unlike the beneficial polyphenols from orange peels, the phenolic
compounds in OMWW pose considerable environmental risks [2]. These
compounds are particularly challenging to remove from OMWW and
their purification and valorization are unfeasible. The degradation of
these toxic phenols is therefore crucial in mitigating their harmful
impact on the environment and in ensuring the safe disposal or reuse of
treated wastewater.

2.4. Extraction of phenolic compounds from OP and subsequent HPLC
analysis

As the first step of both scenarios, extraction of phenolic compounds
from OP was carried out in a glass bottle, where 10.0 g of biomass were
added to 100mL of 70 % v/v ethanol aqueous solution and left under
stirring at room temperature (25 + 1 °C) for 16h (i.e., overnight). The
choice of solvent composition was derived from previous results ob-
tained by our group and considering both ethanol and water as the

greenest solvents available [17]. HPLC was subsequently used to qual-
itatively determine the extracted phenolic compounds from OP. To
perform the analysis, 1 mL of filtered sample was centrifuged at 20,900
xg for 15 min. An aliquot (700 pL) of the resulting supernatant was
removed and 20 pL were injected in an HPLC Agilent 1260 Series system
(Palo Alto, USA) combined with a diode array detector (DAD) using a
C18 reverse-phase column (Eclipse plus, 250 mm x 4.6 mm id, 5 pm,
Agilent, Santa-Clara, USA). The column was equilibrated with a mixture
of solution A (MilliQ water containing 1 % v/v acetic acid) and B (50 %
v/v methanol and 50 % v/v acetonitrile), and the solvent gradient was
adjusted as reported in previous works [18]. The main detector wave-
length was set at 280 nm. Identification of the compounds was deter-
mined by comparing their retention times and ultraviolet-visible
(UV-Vis) spectra with those from the available literature and of standard
solutions. Lastly, to enhance the rigidity and mechanical strength of
dephenolized OP, a final hardening step of these substrates was per-
formed by keeping them immersed in acetone at —20 °C for 30 min
before washing them with deionized water [19].

2.5. Pyrolysis of OP and characterization of the resulting products

Slow pyrolysis was performed in a fixed-bed reactor at 400 °C at
10 °C/min with a residence time of 1 h. These operative parameters
were selected based on thermogravimetric analysis (see paragraph 2.2)
and on the works of Miranda et al. [20] who proved that around
300-400 °C, working with slow pyrolysis, there is the highest weight
loss of the OP, and Selvarajoo et al. [21] who showed that 400 °C is a fair
compromise between biochar yield, pyrolysis energy expenditure, and
biochar physical properties (important for the adsorption and immobi-
lization). The scheme and the technical information regarding the py-
rolysis reactor are provided in previous literature [22]. Inert conditions
were ensured by insufflating nitrogen at 500 mL/min measured through
a mass flow rate controller. Solid, liquid, and gas phases were separately
recovered. Approximately 10 g of biomass was manually fed into the
pyrolysis reactor. The tested biomasses were the exhausted OP with
immobilized microalgae at the end of the bioremediation process (sce-
nario 1) and the fresh (dephenolized) OP (scenario 2). Before pyrolysis,
the fresh and exhausted OP were dried at 105 °C for 24 h. The high
heating value (HHV) of the bio-oil was measured through the IKA C7000
calorimetric bomb (IKA, Staufen, Germany).
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Regarding scenario 2, fresh OP was initially cut and tested into three
sizes: 0.5 cm x 0.5 cm, 1.0 cm x 1.0 cm, and 2.0 cm x 2.0 cm, to assess
how the product distribution was correlated with the starting biomass
dimension [23]. These sizes were selected based on the dimensions of
the pyrolysis reactor and their suitability for handling during immobi-
lization and bioremediation tests. The reactor was electrically heated in
a stainless-steel chamber while the top of the reactor was connected to a
jacketed condenser in which a coolant agent flowed. The condensable
compounds were recovered in liquid form (oil + water), while non-
condensable gases passed the condenser and were collected in a Ted-
lar gas bag. The gas phase was quantified by water displacement and
qualitatively by micro gas chromatography (uCG) by Micro-GC Fusion
equipment (INFICON, Bad Ragaz, Switzerland). At the end of pyrolysis,
the reactor was cooled down and the biochar was manually recovered.
The biochar yield was calculated as the ratio between the mass of the
solid product of slow pyrolysis (g) and the dried OP mass (g). Charac-
teristics of the resulting products were assessed as described in para-
graph 2.2. A Brunauer-Emmett-Teller (BET) analyzer (Micromeritics
TriStar II 3020 t) through the Ny adsorption method measured the
specific surface area (SSA) and pore volume of the grounded biochar.
Before the BET analysis, the biochar was degassed under helium at
300 °C for 2 h. The biochar samples were then cooled in a liquid nitrogen
bath at —196 °C for analysis. The morphology of the biochar was
examined using a field-emission scanning electron microscope (FESEM
S-4300, Hitachi, Tokyo, Japan) at an acceleration voltage of 3.0 kV after
being coated under a vacuum with a thin layer of gold.

2.6. Microalgae growth and immobilization onto the substrates

Microalgae were grown in Bold’s Basal Medium (BBM) [3] and
cultivated at room temperature (25 + 1 °C) under continuous illumi-
nation (70 pmol photons/(mz*s), provided by 36 W fluorescent lamps
(Rexer, Nanjing, China) on an orbital shaker (Innova 2100, VWR, Rad-
nor, PA, USA) at 120 rpm. C. vulgaris growth behavior was assessed by
optical density measurements using a spectrophotometer (Genova,
Jenway, Stone, UK) set at 625 nm, and absorbance values were
compared to a standard calibration curve to obtain dry biomass (g/L)
values.

For the microalgae immobilization step of the two scenarios
described in paragraph 2.3, dephenolized OP and OP-derived biochar
substrates were incubated at room temperature (25 + 1 °C) with a
microalgae solution (0.7 g/L) in an orbital shaker at 120 rpm for 24 h
under continuous illumination to allow sufficient attachment of micro-
algae cells to the substrates. Samples were then washed thoroughly with
fresh BBM to remove any free microalgal cells.

2.7. Bioremediation studies

The desired concentrations of OMWW solutions (5 and 10 % v/v)
were prepared by diluting the wastewater with tap water. These con-
centrations were selected based on previous studies with microalgae and
OMWW, considering factors such as the dark color of the wastewater,
the phenolic content, and the impact of different OMWW concentrations
on the growth rate of microalgae in previous bioremediation processes
[24-26]. The solutions were then incubated with microalgae-
immobilized substrates, or substrates (OP or biochar) without micro-
algae over a contact period of 7 days. A negative control with only
OMWW (5 and 10 % v/v) was included to isolate the contribution of
photodegradation processes. A positive control with free microalgae and
OMWW (5 and 10 % v/v) was added to evaluate the bioremediation
capacity of the free microalgae in the absence of any immobilizing
substrate. In the latter case, the initial concentration of microalgae (0.4
mg/mL and 0.2 mg/L) was derived after calculating the amount of
microalgae attached on OP and biochar substrates before the start of the
bioremediation experiments. Samples of treated OMWW were collected
at set time intervals and filtered to determine the residual chemical
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oxygen demand (COD) (according to standard methods, such as ISO
15705:2002) and phenolic compounds concentrations by Folin-
Ciocalteu assay (via UV-Vis spectrophotometry), as described in our
previous works [17,18]. The morphologies of the substrates with
attached microalgae at the end of the experiments were investigated by
digital photos and by SEM, as described in paragraph 2.2. FTIR spectra
of the same samples were also recorded as described in paragraph 2.2.

2.8. LCA and ex-ante environmental evaluation

The environmental analysis was conducted using SimaPro 9.5.0.2
software with the Ecoinvent 3.5 database. In this study, Life Cycle
Assessment (LCA), conducted according to ISO 14040-44 (2006), was
adopted as a recognized methodology to assess the environmental im-
pacts of emerging technology systems. The aim of the analysis was the
comparison of scenario 1 and scenario 2, considering the microalgae-
based bioremediation of OMWW at 5 and 10 % v/v through fresh OP
and OP-derived biochar. The objective was to identify the bioremedia-
tion process with the lowest environmental impact, thereby determining
its feasibility for scaling from laboratory to pilot and eventually indus-
trial scales. A functional unit (FU) of 10 g of OP, corresponding to the
amount of biomass fed into the pyrolysis reactor, was selected, and a
cradle-to-gate approach was adopted. The selected FU allowed a com-
parison between the investigated supports of the microalgae (fresh OP
and OP-derived biochar) highlighting the environmental impacts asso-
ciated with their different performances in the bioremediation of
OMWW at 5 and 10 % v/v. Furthermore, the lab-scale value of FU was
due to the performance of an LCA with an ex-ante approach, which was
needed due to the novel and emerging nature of the processes under
investigation, as they have not yet been tested at pilot or industrial
scales. Consequently, predicting the potential variation in scale-up,
productivity, and product quality was challenging. It must be noted
that microalgae-based bioremediation utilizing by-products such as OP
or valorized by-products like OP-derived biochar represents an inno-
vative approach.

Life Cycle Inventory (LCI) was based on data derived from laboratory
results described in paragraph 3.3 and reported in the Supplementary
data (Tables S1, S2, S3, S4, and S5). The background and foreground
systems were defined according to the literature [27], with the back-
ground system encompassing data like energy production and con-
sumption and chemicals sourced from Ecoinvent 3.8.5. Since OP is a by-
product, the zero-burden assumption was hypothesized, assuming no
credits for impacts in prior lifecycle phases. The life cycle impact
assessment was carried out considering the ReCiPe 2016 Midpoint (H)
method, with a focus on the climate change impact category (kg CO3 eq)
to understand the gap between the emission of the bioremediation
processes and the net zero emission trajectory (i.e. achieving carbon
neutrality in 2050). A sensitivity analysis was carried out to prove the
consistency of the environmental impact results obtained by varying the
consideration of bio-oil. In detail, in the first environmental study, bio-
oil was considered as a waste, while in the sensitivity analysis it was
considered as an energy carrier, and its treatment was considered in
terms of energy consumed to clean and separate it from the water phase.

2.9. Statistical analysis

All experiments were performed in triplicate. The standard deviation
was represented in the error bars of each group. One-way analysis of
variance (ANOVA) was applied for each experiment for a comparison of
more than two group means. ANOVA analyses that gave significant
differences were followed by a Bonferroni test for multiple comparisons
to determine which conditions differed significantly. Three statistical
significance values, indicated as * p < 0.05, ** p < 0.01 and *** p <
0.001, were considered.
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Table 1

Physico-chemical characteristics of orange peel (OP). HHV corresponds to the
higher heating value. The available literature studies about OP are reported for
comparison.

Parameter This work Literature data
Moisture (%) 8.97 +2.72 6.18-13.00 [28-31]
Ashes (%) 3.55 + 1.41 2.34-5.50 [28-31]
Volatile matter (%) 73.06 + 5.73 50.90-70.80 [28-30,32]
Fixed carbon (%) 23.67 + 6.98 19.56-34.80 [28-30,32]
C (%) 43.42 + 4.22 40.3-47.00 [28-31]

H (%) 5.27 + 0.62 4.83-6.00 [28-31]

N (%) 1.54 £ 0.03 0.50-1.56 [28-31]

S (%) 0.16 + 0.02 0-0.27 [28-31]

0O (%) 49.62 + 4.65 45.00-52.90 [28-30]
pH 3.90 £ 1.03 nd

HHV (MJ/kg) 18.08 + 0.99 16.83-18.28 [20,32]

3. Results and discussion
3.1. Characterization of the orange peel

The physico-chemical characterization of the orange peel (OP) is
reported in Table 1, highlighting that OP consisted mainly of volatile
matter and a small content of ashes. Comparable values were reported in
the previous literature for similar samples [20,28-30]. The elemental
composition of the OP analyzed in this study is consistent with that of OP
reported in studies from other regions, confirming that the selected OP is
a relevant and representative substrate.

The FTIR spectrum of dried OP is shown in Fig. 2 (b) while the list of
band assignments is provided in Table S6. The spectrum presents the
characteristic bands corresponding to cellulose, hemicellulose, and
lignin, which are the main components of OP (around 70, 5, and 20 %,
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respectively), as reported in the literature [33,34]. In particular, the
most intense band around 1020 cm ™ is associated with stretching of the
link C-O-H and C-O-C of cellulose, lignin, and hemicellulose. The wide
peaks around 3300 and 2900 cm ™! are due to the stretching vibration of
the O—H and C—H bond, respectively. Other predominant peaks are
observed at 1736 (C=O stretching of a carboxylic acid group in pectin
and other polysaccharides), 1620 (C—C and C=O stretching), and 1279
(C—O stretching) cm~ L. The peak at 1430 cm ! is associated with C—H
bending vibrations, commonly found in methylene and methyl groups of
lignocellulosic materials [35]. Finally, smaller peaks at 902, 809, and
745 cm™! are associated with out-of-plane bending vibrations in cellu-
lose and aromatic rings of phenolic structures [15,36,37]. Fig. 2 (c)
represents the SEM image of the dephenolized OP and reveals a het-
erogeneous and porous “sponge-like” structure of the biomass with lots
of cavities, as expected from previous studies in the literature [38,39].
These features, along with the chemical groups on the surface, are
promising for adsorption of contaminants and microalgal cells. Lastly,
the chromatogram of the ethanolic extract of OP is presented in Fig. 2
(d). The total phenolic content, expressed as milligrams of caffeic acid
equivalents (CAE) per gram of OP, was 5 mgcar/gop.- The compounds
detected belong to different phenolic families, such as phenolic acids,
flavonoids, flavonols, and flavones, with hesperidin and naringin being
the most abundant compounds detected. Moreover, the spectrum shows
the presence of several phenolic acids including p-coumaric, ferulic, and
caffeic acid. These results confirmed that OP is a rich natural source of
several phenolic compounds that are well-known for their antioxidant
activities [16].

3.2. OP pyrolysis and characterization of biochar samples

A TGA was performed to analyze the composition of OP based on its

Fig. 2. Characterization of orange peel (OP). a) Digital photo of dried orange peel samples; b) FTIR spectrum and c¢) SEM image of OP. d) HPLC chromatogram of OP
extract obtained from the solvent extraction step with ethanol (70 % v/v). HPLC peaks: 1, dihydroxybenzoic acid; 2, chlorogenic acid; 3, catechin; 4, vanillic acid; 5,
caffeic acid; 6, siringic acid; 7, p-coumaric acid; 8, ferulic acid; 9, narirutin; 10, naringin; 11, hesperidin; 12, quercetin.
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Fig. 3. a) TGA and DTG curves of orange peel (OP) investigated from room temperature to 800 °C under an inert atmosphere (argon). b) Product distribution from
pyrolysis of OP samples of different piece sizes (** p < 0.01, *** p < 0.001). SEM images of biochar obtained from orange peel samples of size c) 0.5 x 0.5 cm?, d) 1.0
x 1.0 em?, €) 2.0 x 2.0 cm? The visible biochar’s porous structure facilitates microalgae immobilization by providing a high surface area for attachment.

thermal behavior, allowing the selection of an optimal temperature for
the study’s objective of using biochar to support microalgae immobili-
zation. Considering the TGA and derivative thermogravimetry (DTG)
results, OP can be considered as support mainly composed of hemi-
celluloses, followed by cellulose and lignin, since the highest loss of OP
weight occurred between 220 and 300 °C, which is typical of hemicel-
lulose, while the second significant loss of weight between 300 and
350 °C is usually associated with cellulose (Fig. 3 (a)). On the other
hand, the decomposition of lignin occurs over a wide range of temper-
atures, usually between 200 and 800 °C, since lignin is a complex
matter. It is of interest to note that the degradation of lignin allowed the
development of meso- and micro-pores and increase of specific surface
area, which are important parameters for the application of biochar both
as support and adsorbent materials [40]. These results perfectly align
with those reported in the literature [20].

Regarding OP sample sizes, an initial investigation was carried out to
assess their effect on product distributions from pyrolysis. Fig. 3 (b)
proved that as sample size increased, the biochar yield also significantly
increased from 27.5 to 35.9 %, while the yields of gas and condensable
products decreased. This trend in biochar yield could be attributed to the
higher surface area of smaller samples, which during pyrolysis can form
volatile products that leave the biomass structure without undergoing
secondary cracking reactions [41]. In contrast, larger biomasses are
more affected by secondary cracking due to limited heat and mass
transfer. The visible structures of the obtained biochars from the SEM
analysis are reported in Fig. 3 (c-e) showing a similar morphology.
Regarding condensable products, an increase in sample size led to a
decrease in their overall yield. The pyrogas yield (35 %) was the highest
when OP samples of 1.0 x 1.0 cm? were used. In comparison, the
smallest (0.5 x 0.5 cm?) and largest (2.0 x 2.0 cm?) biomasses resulted

in comparatively lower gas release. The pyrogas trend agreed with the
study of Abbas et al. which tested different meshes and proved that the
intermediate ones released higher amounts of gas [42].

Differences were observed in the chemical and physical properties
between the 0.5 x 0.5 cm?, 1.0 x 1.0 cm?, and 2.0 x 2.0 cm? samples
(Table 2). As the sample size increased, the fixed carbon content
decreased due to an increase in volatile matter, and the SSA also
decreased. These trends are attributed to the limited mass and heat
transfer in larger samples. The smallest biochar samples exhibit the
highest HHV, which decreases with increasing sample size. This is
consistent with the higher carbon content and lower volatile matter in
smaller samples, making them more energy-dense. The trends of product
distribution and biochar properties agreed with other studies available
in the literature on the effect of sample sizes of rice husk, corn cob, and
olive residues [43,44] on pyrolysis results. The present study aimed to
explore the use of biochar to support microalgae immobilization by
proving the technical feasibility of the proposed solution while selecting
the one with the lowest environmental impact. To achieve this, an OP
sample size of 1.0 x 1.0 cm? was chosen as a balance between product
distribution (biochar, bio-oil, and pyrogas), effective immobilization,
and desirable physico-chemical properties. This ensured suitability for
both the immobilization process and its future applications.

3.3. Bioremediation studies

The results from scenario 1 are shown in Fig. 4 (a, b), highlighting
the phenolic compound removal performance of free microalgae and the
two OP substrates, with and without the attached cells. Bioremediation
of phenolic compounds by C. vulgaris cells was performed at 5 and 10 %
v/v olive mill wastewater (OMWW) and both graphs show a reduction in
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Table 2

Chemical and physical characterization of the obtained biochar samples with
different dimensions and comparison with literature studies concerning OP-
derived biochar.

Parameter Biochar samples (cm?) from this Literature data
study
0.5 x 0.5 1.0x1.0 20x20

Moisture (%) 3.40 £ 223 + 2.01 £ 3.20-6.20 [45,46]
0.09 0.09 0.08

Ashes (%) 9.89 + 7.32 + 4.78 + 6.90-7.80
1.00 1.08 0.23 [28,45,46]

Volatile matter (%) 32.34 + 37.67 £ 40.23 + 21.40-33.40
1.20 1.00 0.90 [28,45,46]

Fixed carbon (%) 54.37 + 52.78 + 52.98 + 55.20-64.80
3.89 2.32 1.96 [28,28,45,46]

C (%) 70.80 + 67.70 £ 66.80 + 80.72 [47]
1.00 0.90 0.20

H (%) 4.90 + 3.70 + 4.5+ 4.00 [28]
0.20 0.10 0.27

N (%) 2.20 + 2.20 + 1.50 + 1.20-2.55
0.01 0.01 0.01 [28,46,47]

S (%) 0.10 + 0.10 + 0.10 + 0.00 [28]
0.001 0.001 0.001

O (%) 21.90 + 26.40 + 27.1 + 16.16-31.30
0.30 0.10 0.02 [28,471]

pH 8.76 £ 853 £ 8.21 £ 9-9.97 [45,46]
0.90 0.20 0.20

HHV (MJ/kg) 31.24 + 28.14 + 28.72 £ nd
0.01 0.08 0.02

Average SSA (m?/ 102.35 96.06 80.98 70.00-352.50

5] [28,47]
Average pore 0.043 0.032 0.019 0.018-0.15 [28,47]

volume (cm3/g)

HHV, higher heating value; SSA, specific surface area.

phenolic compound content over time across all treatments. The nega-
tive control (red bars) consistently shows the least reduction in phenolic
compound content, maintaining high levels across all time points. This
indicates that natural (photo)degradation is minimal without appro-
priate treatment. Analysis of wastewater samples taken at pre-
determined time points shows that phenolic compound removal
underwent a first adaptation phase of the microalgae and then improved
in the last time points in both conditions. The residual content with free
cells was significantly lower than that by immobilized cells and OP
alone, only when 5 % v/v OMWW was used. The phenolic compound
content from 5 % v/v OMWW solutions respectively with free and
immobilized cells was 75 % and 89 % within 24 h and in 7 days was 29 %
and 38 % (* p < 0.05). On the other hand, with 10 % v/v OMWW, both
free and immobilized cells had similar phenolic compound removal
percentages (~ 77 %) after 7 days, which was significantly higher than
that by empty OP (42 %) (Fig. 4 (b)). This observation suggests that the
direct exposure of free microalgae to phenolic compounds facilitates
quicker uptake and metabolic processing without the diffusion limita-
tions imposed by the immobilization matrix. However, at higher OMWW
concentrations, stress factors such as osmotic pressure and toxicity
reduce their activity compared to immobilized cells, which benefit from
the protective environment provided by the OP substrate [48]. Several
protective benefits could be offered by OP to mitigate the adverse effects
of these toxic factors; in particular, the OP can act as a physical barrier,
shielding the microalgae from direct exposure to high concentrations of
pollutants and allowing the microalgae to adapt more effectively.
Moreover, longer time periods are usually needed for phenolic mole-
cules to interact with the microalgae in the immobilization support since
the pollutants require time to diffuse into the matrix and interact with
the cells [49,50].

COD values are often used as indicators of water quality as they
measure the amount of organic compounds present in wastewater. The
percentage of residual COD from OMWW is shown in Fig. 4 (c, d). Free
microalgae treatment (blue bars) significantly reduces COD levels, but
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not as effectively as the OP with immobilized microalgae (OPM) treat-
ment. On the completion of the biodegradation experiment (~ 168 h),
the COD levels of the wastewater were reduced by 77 and 59 % for 5 v/v
and 10 % v/v OMWW, respectively in the case of microalgae immobi-
lized on OP. In the case of COD removal, these could be considered quite
high values, taking into account the dark color of the OMWW, which
hinders the cells’ performance. No significant differences were noted
between free microalgae and immobilized microalgae in both experi-
mental conditions.

Overall, the OPM treatment consistently outperforms both free
microalgae and orange peel alone, especially over extended treatment
times. This suggests that the immobilization of microalgae on orange
peel enhances their ability to degrade organic pollutants, possibly due to
improved stability and interaction with the wastewater.

The results from scenario 2 with the OP-derived biochar are shown in
Fig. 5. Here the biochar-microalgae complex was more effective in
removing phenolic compounds than the free microalgae and empty
biochar and it was significantly noted after 72 and 168 h for both con-
ditions. In particular, the residual phenolic compound content was 44 %
and 31 % for 5 % and 10 % v/v OMWW, respectively, from solutions
with microalgae immobilized on biochar samples. The statistically sig-
nificant smaller uptake of phenolic compounds when using free cells
with 10 % v/v OMWW may be attributed to their aggregation (Fig. 6 (b))
due to electrostatic interaction between them, thus reducing their three-
dimensional surface area for adsorption, as already reported in the
literature [51]. It can be hypothesized that the pore structure of biochar
(Fig. 3 (d)) provides an internal living environment for microalgae and
protects them from external pollutants, allowing them to increase their
survival in a contaminated environment, as already suggested by other
authors working with microorganisms [52]. Microalgae immobilized
within biochar pores likely shifted from strictly photosynthetic to mix-
otrophic and, in some cases, heterotrophic modes of metabolism,
particularly for cells living in deeper or smaller pores. In fact, in envi-
ronments with low light availability or high concentrations of organic
substrates (such as the present one), the microalgae frequently adopted a
heterotrophic strategy, relying entirely on organic carbon. This meta-
bolic flexibility, common in species like Chlorella, allows immobilized
microalgae to sustain growth under suboptimal light conditions [53].
Additionally, biochar’s intrinsic adsorption properties concentrated
phenolic compounds and other organic contaminants near the micro-
algae, increasing their bioavailability for degradation. This proximity
likely enhanced the microalgae’s metabolic activity on these complex
pollutants, as reflected in the improved removal rates observed.

The percentage residual COD from OMWWW is shown in Fig. 5 (c, d).
A similar trend is observed among COD and phenolic compound
removal results. For 5 % v/v OMWW, a residual COD of 45 and 29 % for
free and immobilized microalgae, respectively, is reported, while it is
reported to be 57 and 41 % in the case of OMWW 10 % v/v. Higher
values were expected when performing experiments with an initial
higher load of COD content.

The results for COD reduction using immobilized microalgae in this
study indicate that approximately 60 % of the COD was removed using
both the OPM (Fig. 4 (d)) and BM (Fig. 5 (d)) systems. It must be
underlined that the novelty of this work lies in the fact that it is the first
study to combine both biochar or OP as substrates with microalgae for
OMWW bioremediation. This dual approach, integrating both physical
support and biological treatment, presents a unique strategy that makes
direct comparisons with existing literature challenging, as similar
methods have not been previously investigated. As one of the closest
examples, the study of Bleve et al. [54] reported the treatment of
OMWW with the yeast strain Geotrichum candidum which was selected
for whole-cell immobilization in calcium alginate gel. The COD reduc-
tion was ~30 % after 7 days. Similarly, Neifar et al. [55] studied the
OMWW bioremediation activity of white-rot fungi Pycnoporus coccineus
and Coriolopsis polyzona immobilized on polyurethane foam. The study
reported a COD removal of 30-40 % for both strains after 7 days of
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Fig. 4. Bioremediation results from scenario 1. Percentages of phenolic compound content (a, b) and residual COD (c, d) in the OMWW samples under light (red) or
during the treatment with free microalgae (blue), orange peel (yellow), or immobilized microalgae (green) at different time points. * p < 0.05, ** p < 0.01, *** p

< 0.001.

treatment. However, it should be noted that the efficiency of COD
removal can be influenced by several variables, such as eventual pre-
treatment of OMWW, starting cell and COD concentration, and light
intensity.

Overall, results evidence that the treatment with biochar with
immobilized microalgae (BM) was the most effective method for
reducing both phenolic compounds content and COD in OMWW. BM
consistently outperforms both biochar and free microalgae treatments,
particularly at later stages of the treatment process (72 and 168 h).
Together, these findings demonstrate that biochar not only serves as a
physical support but also actively contributes to creating an optimized
microenvironment, amplifying the microalgae’s pollutant removal ca-
pacity. The combination of adsorption, protective microenvironments,
and metabolic flexibility in immobilized microalgae within biochar
highlights the synergy between physical and biological processes. These
mechanisms collectively amplify the pollutant removal efficiency and
offer insights for scaling up bioremediation strategies. This synergy
suggests that biochar-immobilized microalgae could serve as an

effective, sustainable strategy for treating complex agricultural effluents
like olive mill wastewater, with implications for broader wastewater
applications.

3.4. Characterization of the products from bioremediation studies

At the end of the bioremediation experiments, the substrates - either
OP or biochar - with immobilized microalgae (OPM and BM) can be
described as “exhausted” substrates. These were characterized after the
treatment process and results are reported in Fig. 6. The fibrous network
of the orange peel was homogeneously covered by immobilized
C. vulgaris cells, as seen in Fig. 6 (a), with the relative SEM image
showing these cells well-integrated onto the fibrous threads even after 7
days (Fig. 6 (c)). The C. vulgaris cells were observed to strongly adhere
and form a biofilm-like structure onto the surface of the substrates as
well as inside the pores. This type of immobilization could initially occur
as a result of natural adsorption followed by active growth within the
microalgae biofilm. The FTIR spectrum (Fig. 6 (e)) of C. vulgaris exhibits
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Fig. 5. Bioremediation results from scenario 2. Percentages of phenolic compound content (a, b) and residual COD (c, d) in the OMWW samples under light (red) or
during the treatment with free microalgae (blue), biochar (yellow) or immobilized microalgae (green) at different time points. * p < 0.05, ** p < 0.01, *** p < 0.001.

several characteristic absorption bands corresponding to the functional
groups present in its biochemical composition (full assignment of the
bands is reported in Table $6). The broad peak at 3277 cm ™" is indica-
tive of O—H stretching vibrations. Peaks at 2961, 2927, and 2872 em?
are attributed to C—H stretching vibrations, mainly reflecting the
presence of aliphatic chains in lipids and proteins. The band at 1733
em ™! corresponds to C=0 stretching vibrations, likely from ester car-
bonyls in lipids. A prominent peak at 1644 cm ™! can be associated with
the amide I band, while the absorption at 1539 cm ™ is assigned to the
amide II band, further indicating protein content. The peaks at 1456 and
1395 ¢cm™! are linked to C—H bending vibrations, while the band at
1339 cm ! could be associated with C—N stretching in amines. The peak
at 1238 em ™! is characteristic of P=O stretching in phospholipids and
phosphate groups, while the prominent peak at 1030 cm ™! is indicative
of C-O-C stretching in polysaccharides. The smaller peaks at 923 and
864 cm ! may represent out-of-plane bending vibrations of aromatic
rings [56,571].

The FTIR spectrum of the sample with microalgae immobilized on
OP at the end of the experiments exhibits similar peaks to the spectrum

of C. vulgaris, even if several overlapped peaks from the OP structure can
be observed. The slightly shifted bands indicate the involvement of
hydroxyl and carbonyl groups in the immobilization of microalgae to the
OP surface (Table 3). A significant reduction in the intensity of some of
the bands (e.g., the one detected at 1644 em™ 1) is also visible in the
spectrum of immobilized microalgae. Functional groups (e.g., C-O-C
stretching) in polysaccharides also contribute to the adsorption process
through van der Waals forces and hydrogen bonding, while aromatic
rings could engage in n-t interactions with phenolic compounds [58].
The presence of functional groups on the cell wall, such as those from
phospholipids, can be the leading contribution towards the biosorption
process of polyphenols. In particular, as suggested by previous litera-
ture, polyphenols have the ability to form hydrogen bonds between their
hydroxyl group and the C—=0 and phosphate groups of lipids [59]. This
could cause the shift of the observed peaks (e.g., at 552 cm ™)) towards
lower frequencies.

On the other hand, the immobilization of microalgae on the surface
of biochar seems less homogeneous (Fig. 6 (b)), probably because most
of the biochar support was floating on the top of the water surface.
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Fig. 6. Characterization of the final microalgae-matrix supports at the end of the experiments. Digital photos (a, b) and SEM images (c, d) of the microalgae-
immobilized complex for OP and OP-derived biochar, respectively. Yellow arrows indicate the presence of microalgae cells (with an average diameter of 4 pm).
FTIR spectra show the graphs from single components (microalgae C. vulgaris, fresh orange peel, and empty biochar) and from the microalgae-

immobilized substrates.

Microalgae are observed to grow in large clusters within their biofilm, as
also confirmed by the SEM image (Fig. 6 (d)). In the FTIR spectrum of
empty biochar (full assignment of the bands is reported in Table S7), the
peak at 1568 cm ! is associated with G=C stretching vibrations,

10

indicative of aromatic rings and unsaturated carbon structures, which
are typical features of biochar due to the pyrolysis process. Peaks at
1394 cm™! and 1372 cm ™! correspond to C—H bending vibrations in
aliphatic and aromatic hydrocarbons. The band at 1251 cm™! can be
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Table 3

Shifted FTIR peaks and their assignments for immobilized microalgae on orange
peel (OPM) and biochar (BM), along with their implications for the bioreme-
diation mechanism.

Sustainable Materials and Technologies 43 (2025) e01338

Table 4

Environmental impacts calculated with ReCiPe 2016 MidPoint (H) and referring
to the FU = 10 g of OP. The elaboration was performed with the database
Ecoinvent 3.8.5.

Shifted peak (em Y in
the FTIR spectrum of
immobilized microalgae

Assignment Implication for bioremediation

mechanism(s)

on OP
(OPM)

on biochar
(BM)

3280 3278 O-H stretching

vibrations

Involvement of hydroxyl groups
in biosorption process by
facilitating hydrogen bonding and
electrostatic interactions

The presence of aliphatic chains
from lipids and proteins,
potentially involved in
polyphenol interactions,
contributes to the adsorption of
phenolic compounds through
hydrophobic interactions and van
der Waals forces.

Involvement of carbonyl groups
from proteins and lipid groups in
the interaction with polyphenols
Involvement of amino groups
from proteins in the interaction
with polyphenols through
hydrogen bonding and
electrostatic interactions
Presence of lipids/proteins
involved in biosorption.
Phospholipids and phosphate
groups on microalgae cell wall
involved in polyphenol
biosorption by forming hydrogen
bonds

Polysaccharides and oxygenated
groups in both biochar and
microalgae contribute to
polyphenol interactions by
facilitating hydrogen bonding and
electrostatic interactions
Aromatic groups could link with
polyphenols via n-n interactions
during biosorption.

2956,
2921,
2851

2961,
2927,
2872

C-H stretching
vibrations (lipids,
proteins)

1651 C=0 (amide I) and

C=C stretching
1540 N-H bending
(amide II)

1447, 1389
1397

1240

C-H bending

1237 P=O0 stretching

1022 C-O-C and C-O-H

stretching

1159,
1032

C-H and 0—H
bending

902, 809,
745,

attributed to C—O stretching vibrations, highlighting the presence of
oxygenated functional groups in the biochar. The intensity at 1162,
1065, 1041, and 1024 cm ™! (C-O-C and C—O vibrations in cellulose and
hemicellulose) decreased with respect to OP spectrum, due to poly-
saccharide degradation processes [60]. The peaks between 870 and 540
cm ! are characteristic of out-of-plane bending vibrations of aromatic
C—H, reflecting the presence of polycyclic aromatic hydrocarbons [61].
In the opposite manner with respect to scenario 1, the FTIR spectrum of
microalgae immobilized on biochar at the end of the experiments ex-
hibits a similar shape and peaks’ positions to the spectrum of empty
biochar, even if several peaks assigned to microalgae groups can be
observed (e.g., at 3278 and around 2900 cm_l). After C. vulgaris cells
were attached to the biochar, the increase in peaks at 1555, 1389, and
1032 cm ™! was observed, which could originate from the component of
the microalgae surfaces. These functional groups facilitate the adsorp-
tion of phenolic compounds through hydrogen bonding, electrostatic
interactions, and n-n interactions, contributing to the overall bioreme-
diation process (Table 3).

3.5. Environmental analysis

The environmental analysis compared scenario 1 and scenario 2,
considering the microalgae-based bioremediation of OMWW at 5 and
10 % v/v through OP and OP-derived biochar. The ex-ante Life Cycle
Assessment (LCA) evaluated the impact on the functional unit (FU)
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Impact category Unit OMWW
Scenario 1 Scenario 2
10%v/ 5%v/v 10%v/v 5% v/v
v
Global warming kg CO» 0.426 0.947 0.518 0.522
eq
Stratospheric ozone kg 0.385 0.639 0.430 x 0.430 x
depletion CFC11 x107®  x10® 107° 10°°
eq
Tonizing radiation kBq Co-  75.8 x 113 x 82.310°  82.4107°
60 eq 1073 1073
Ozone formation. kg NOx 0.900 1.54 x 1.02 x 1.02 x
Human health eq x107% 1073 1073 1073
Fine particulate kg 0.594 0.966 0.662 x 0.666 x
matter formation PM2.5 x 1073 x 1073 1073 1073
eq
Ozone formation. kg NOx 0.912 1.57 x 1.03 x 1.04 x
Terrestrial eq x 1073 1072 1072 1072
ecosystems
Terrestrial kg SO, 1.81 x 2.88 x 2.00 x 2.01 x
acidification eq 1073 103 103 103
Freshwater kg P eq 137 x 218 x 153 x 155 x
eutrophication 10°° 10°° 10°° 10°°
Marine kg N eq 20.2 x 25.7 x 21.2 x 21.3 x
eutrophication 10°° 10°° 10°° 10°°
Terrestrial kg 1.4- 534 x 937 x 609 x 617 x
ecotoxicity DCB 1073 1073 1073 1073
Freshwater kg 1.4- 10.8 x 18.8 x 12.2 x 12.3 x
ecotoxicity DCB 1073 1073 1073 1072
Marine ecotoxicity kg 1.4- 14.0 x 24.6 x 15.9 x 16.0 x
DCB 1073 103 103 10°°
Human kg 1.4- 13.9 x 24.6 x 15.8 x 16.0 x
carcinogenic DCB 1073 1073 1073 1073
toxicity
Human non- kg 1.4- 246 x 399 x 274 x 276 x
carcinogenic DCB 1073 1073 1073 1072
toxicity
Land use m2a 19.3 x 26.9 x 20.6 x 20.7 x
crop eq 1073 1073 1073 1072
Mineral resource kgCueq 0.438 0.832 0.510 x 0.516 x
scarcity x 1072 x 1073 1072 1073
Fossil resource kgoileq 116 x 292 x 148 x 150 x
scarcity 1073 1073 1073 1073
Water consumption m? 10.8 x 16.1 x 11.8 x 11.8 x
1073 1073 10°° 1073

equal to 10 g of OP. The environmental scores (reported in Table 4) were
calculated with ReCiPe 2016 MidPoint (H), which includes 18 impact
categories. Aligned with the European Green Deal’s target of achieving
net-zero emissions by 2050, the ex-ante LCA focused on climate change
impact, with other environmental impacts considered as follow-up
indicators.

The bioremediation performed with immobilized microalgae on OP
in OMWW at 10 % v/v (scenario 1) reached the lowest impact (0.426
kgCO, eq/FU), followed by the bioremediation conducted with OP-
derived biochar in OMWW at 10 and 5 % v/v (scenario 2) with 0.518
and 0.522 kgCO4 eq/FU, respectively. Lastly, the immobilized micro-
algae on OP treating OMWW at 5 % v/v (scenario 1) showed the highest
impact (0.947 kgCO, eq/FU). Significant differences were observed in
scenario 1 with OMWW at 10 % and 5 % v/v, as the 10 % v/v resulted in
higher bioremediation yields, greater energy content in pyrogas, and
lower energy consumption due to the reduced water content from the
lower dilution. In contrast, scenario 2 with OMWW at 10 % and 5 % v/v
showed no significant differences, as the bioremediation and pyrolysis
yield at 10 % v/v were only slightly higher than those at 5 % v/v.

The importance of energy recovery from slow pyrolysis was evalu-
ated through the sensitivity analysis in which bio-oil was considered an
energy carrier and not a waste (see Table 5). The sensitivity analysis
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Table 5
Impacts calculated with ReCiPe 2016 MidPoint (H) based on the sensitivity
analysis where bio-oil is considered an energy carrier.

Impact category Unit OMWW
Scenario 1 Scenario 2
10%v/v  5%v/v 10%v/v 5% v/v
Global warming le(i €02 —1.02 0.110 —0.498 —0.494
Stratospheric ozone léiCH —0.290 0.247 0.0353 0.035 x
depletion eq x 1076 x107®  x107° 10°°
lonizing radiation kBq Co- —18:;2 X 58.63 X 43.03 X 43,13 X
60 eq 10~ 10~ 10~ 10~
Ozone formation. kg NOx —0.784 0.566 0.0552 0.0628
Human health eq x 1072 x 1072 x 1072 x 1073
Fine particulate 1;%/[2 5 —0.361 0.411 0.160 x 0.164 x
matter formation eq ) x 1073 x107% 1073 103
O%;’:r‘:ef;:’i';fm’“‘ kgNOx  -0.818 0569 0.0375 0.0458
eq x 10~ x 10~ x 10~ x 107
ecosystems
Terrestrial kg SO, —0.926 1.29 x 0.614 x 0.624 x
acidification eq x 1073 1072 1072 1072
Freshwater ke P e —62.7 x 102 x 58.5 x 60.5 x
eutrophication sred 10°° 10°° 10°° 10°°
Marine kg N eq 6.22 x 17.6 x 14.6 x 14.7 x
eutrophication 10°° 10°° 10°° 107
Terrestrial kg 1.4- -503 x 335 x 38.9 x 46.9 x
ecotoxicity DCB 1073 1073 1072 1073
Freshwater kg 1.4- —9.75 x 6.83 x 1.42 x 1.52 x
ecotoxicity DCB 1073 103 103 103
Marine ecotoxicity kg 1.4- —133.6 X 8.613 X 0.9730 X 1.093 X
DCB 10™ 10~ 10~ 10~
H‘i‘:;?nogenic kgld  —144x 824 x 0665 ~0.534
.. DCB 10~ 10~ x 10~ x 10~
toxicity
Ht;illlnzgelmc kgl4- 144 x 172 779 x 79.9 %
.. DCB 10~ 10~ 10~ 10~
toxicity
Land use m2a 70.193 15.63 X 11.03>< 11.03 X
crop eq x 10~ 10~ 10~ 10~
Mineral resource kg Cueq —0.609 0.225 -0.137 —0.131
scarcity x 1073 x 1073 x 1073 x 1073
Fossil resource kg oil eq -375 x 8.05 x —212 x -210 x
scarcity 1073 1072 1073 1072
Water consumption ~ m® _2'32 x 8'493 x 6'323 x 6'383 *
10 10 10 10
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confirmed the results obtained from the ex-ante LCA, with environ-
mental impacts decreasing across all categories for all scenarios. This
reduction is primarily attributed to the energy contributions from pyro-
gas and bio-oil, which offset the energy costs associated with immobi-
lization, bioremediation, and pyrolysis. Fig. 7 illustrates the effect of
polyphenol recovery and the inclusion of energy carriers (pyro-gas and
bio-oil) in the energy balance within the climate change impact cate-
gory. When both pyro-gas and bio-oil are considered, the impacts
decrease by approximately 50-66 %. Fig. 7 also highlights that, across
the four tested configurations, the bioremediation process had the
highest environmental impact due to its energy requirements and the
duration of the tests (168 h).

Scenario 1, with immobilized microalgae on OP in OMWW at 10 % v/
v, yielded the best results in the sensitivity analysis, achieving the
highest polyphenol recovery as well as the highest HHV for both pyrogas
and bio-oil. This is likely due to the bioremediation process, which
enriched the organic matter matrix, consequently enhancing the quality
of the gas and bio-oil.

The contribution of bio-oil warrants further discussion. As a renew-
able resource, bio-oil has the potential to replace fossil fuels and reduce
greenhouse gas emissions. Its versatility is notable, as it can be utilized
as both a thermal and electrical energy vector or as a feedstock for
advanced fuels. These benefits were considered in the sensitivity anal-
ysis, as bio-oil separation from water is feasible at the laboratory scale.
As shown in the inventory tables (S1-S5), separating bio-oil from water
at this scale required an additional 5 % of electrical energy compared to
scenarios where it was not utilized.

However, the industrial-scale use of bio-oil presents challenges that
this preliminary study cannot fully address. Key limitations include the
chemical composition of bio-oil, which varies based on the type of
biomass and the pyrolysis conditions. This variability complicates the
establishment of industrial standards and the development of a stan-
dardized refining process [62]. Additionally, bio-oil has a lower calorific
value compared to fossil fuels, and its high oxygen content can cause
corrosion issues in processing equipment. Long-term storage and
transportation of bio-oil are also challenging due to its instability, ten-
dency to degrade, and the need for specific preservation conditions [63].
From an economic perspective, bio-oil plants for bio-oil production and
utilization require significant investment costs and may not be
economically competitive without subsidies [62]. Given these consid-
erations, this study has adopted a cautious approach, treating bio-oil as a
waste product, while the sensitivity analysis evaluates its potential for
utilization.

Fig. 7. Global warming as climate change impact category considering a) bio-oil as waste and b) bio-oil as an energy carrier for scenarios 1 (S1) and 2 (S2).
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Upon analyzing the data in Table 4, scenario 1 with OMWW at 10 %
v/v exhibited the lowest environmental impacts. The categories in
which it significantly differs from the other scenarios are water con-
sumption, freshwater eutrophication, terrestrial acidification, and fossil
resource scarcity. In these categories, scenario 1 at 10 % v/v demon-
strates its strengths. Specifically, the lower dilution of OMWW compared
to the 5 % v/v scenario reduced water consumption, while the higher
polyphenol degradation contributed to lower impacts in freshwater
eutrophication and terrestrial acidification. Additionally, the higher
energy recovery during pyrolysis mitigated the increase in fossil
resource consumption relative to the other scenarios. These findings
offer an alternative to the current practice of treating OMWW by
diluting it with fresh water or water from other waste streams [64].

Furthermore, the study of Manthos et al. [64] considered the direct
application of OMWW to land and freshwater eutrophication, and
terrestrial acidification are around 20 % higher than the ones achieved
in the present study (calculated by moving from the FU of the study of
Manthos et al. [64] to the one of the present study).

It must be noted that, to date, there are no available studies con-
cerning the environmental impacts associated with microalgae immo-
bilization on supports. There are studies investigating the environmental
impacts of the cultivation of microalgae, conversion of microalgae to
pharmaceutical and biodiesel products, and biochar production.
Regarding the environmental impacts of biochar production, most of the
literature studies underline the importance of obtaining product yields
and products with energy content sufficient to cover the energy costs of
pyrolysis.

Some reviews investigated the potentiality of biochar for water
treatment to achieve Sustainable Development Goal 6 (Ensure avail-
ability and sustainable management of water and sanitation for all by
2030). Gwenzi et al. [65] defined biochar as a low-cost renewable
alternative to classic systems like sand filtration, boiling, solar disin-
fection, and chlorination.

Additionally, while current methods primarily focus on pathogen
removal, biochars have demonstrated the ability to remove chemical (e.
g., methylene blue, metals, organic compounds), biological, and phys-
ical contaminants [66]. Studies have also shown that biochar, after
being used for water remediation, can be applied to soil to enhance soil
quality and improve crop yields by releasing adsorbed nutrients [65]. A
major challenge for biochar’s application in water remediation remains
the lack of comprehensive environmental assessments and the potential
health risks associated with its use [67].

4. Conclusions

This study demonstrates the effectiveness of using microalgae
immobilized on orange peel (OP) and OP-derived biochar as innovative,
green substrates for the bioremediation of olive mill wastewater
(OMWW). Both OMWW and OP are two high-produced byproducts in
the Mediterranean area that necessitate a more effective management in
the waste system. Both technical and environmental aspects were
evaluated. The bioremediation of OMWW at 5 and 10 % v/v was
explored through Chlorella vulgaris immobilized on OP (scenario 1) and
OP-derived biochar (scenario 2). The synergistic integration of these
waste-derived materials with C. vulgaris not only achieved significant
removal of environmentally pollutant phenolic compounds and abate-
ment of chemical oxygen demand (COD) but also facilitated sustainable
energy recovery through the pyrolysis of spent substrates. Scenario 1
with OMWW at 10 % v/v reached the highest performance, achieving
~70 % phenolic compound degradation, ~ 60 % COD abatement, and a
climate change impact of 0.43 kg CO; per 10 g of fresh OP, and when
bio-oil is used as energy carrier the impact decreased to —1.02 kg CO»
per 10 g of fresh OP. These findings highlight the potential for scaling up
the technology to pilot scales. Key challenges include optimizing the
adsorbent-to-wastewater ratio, ensuring uniform distribution of micro-
algae on substrates, maintaining process stability over extended

13

Sustainable Materials and Technologies 43 (2025) e01338

operational periods and addressing variable wastewater compositions.
Economic considerations, such as cost-effective sourcing of OMWW, OP,
and biochar at the same pilot plant, energy requirements for pyrolysis,
and market viability of byproducts (e.g., bio-oil), must also be
addressed.

Moreover, this study highlights the significance of considering each
stage of the bioremediation process, seeking operational conditions that
ensure, firstly, maximal recovery of the high-value product and subse-
quently the management of process residues through energetic valori-
zation to at least cover the energy costs of the entire process. The results
demonstrate the effectiveness of implementing systems aligned with the
Waste Framework Directive (prioritizing material recovery over energy
recovery) within a bioeconomy perspective. Overall, this study pro-
motes, based on technical feasibility and environmental sustainability,
the integrated management of byproducts to obtain valuable products
applicable in the agro-industrial sector and pave the way for the
development of scalable, resource-efficient waste management solutions
that contribute to environmental sustainability and energy self-
sufficiency.
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