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HIGHLIGHTS

e Persistent organic pollutants represent a
serious threat to ecosystems.

e Roots of invasive alien species, coffee
and tea grounds are efficient
biosorbents.

e Excellent biosorption efficiency was
obtained for removing UV-filters and
pesticides.

e Discrimination between biosorbents
could be observed for some pollutants.
o Solubility is the key point for selecting
the best biosorbent/pollutant couple.
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Persistent ana emerging organic pollutants represent a serious and global threat to human health and ecosys-
tems. We describe here a simple, efficient and affordable technology for removing such organic pollutants from
aquatic systems. Biosorption process was chosen, meeting these three criteria, and so that biosorbents should be
biomass wastes combining the following characteristics: natural, cheap and abundant. Powdered dead roots from
invasive alien species (Eichhornia crassipes, Pistia stratiotes and Fallopia japonica), and wastes rich in tannins such
as coffee grounds and green tea grounds were tested as biosorbents for removing extensively used organic
pollutants: organic UV-filters, insecticides and herbicides. The elemental composition and morphology of the
biosorbents were fully determined. The biosorption kinetics for each pair of biosorbent/pollutant was described
by a pseudo-second order model. Excellent biosorption efficiency was obtained for 10 pM solution of oxybenzone
(89 + 1%), octocrylene (90 + 2%), lindane (88 + 0%) and diuron (90 + 1%) in only 2 h. And total removal of
10 pM of chlordecone (100 + 0%) could be achieved, which could be of high concern for the population living in
chlordecone-contaminated areas. As such pollutants can be found in aquatic ecosystems, an interference study
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with salts showed that biosorption efficiency remained as efficient in reconstituted seawater. A principal
component analysis was performed as an attempt to rationalise the biosorption results. The solubility of the
organic pollutants in water and the concentration of tanins in the biosorbents were key parameters.

1. Introduction

Persistent and emerging organic pollutants and their degradation
products are released continuously into the environment and are
consistently being found not only in wastewaters but also in wetlands,
water resources and even drinking water. This represents a serious and
global threat to human health and ecosystems.

The list of emerging pollutants is particularly long. It includes
pharmaceuticals (antibiotics, hormones, etc.) for human or veterinary
uses, products for daily use (personal care products, cosmetics, UV-
filters, detergents, antioxidants, etc.), products of industrial and
household origins (surfactants, additives, solvents, flame retardants,
plastic nanoparticles, etc.), pesticides (herbicides, fungicides, in-
secticides and other biocides).

Numerous studies have been conducted examining the occurrence
and effects of pharmaceutical use in the aquatic environment. However,
relatively little research has been conducted examining the use of per-
sonal care products although they are found more often and in higher
concentrations than pharmaceuticals (Brausch and Rand, 2011).
Organic UV-filters in cosmetic sun and personal care products have been
massively used lately, due to the recent concerns with sunburns, pre-
mature skin ageing and the risk of developing skin cancer, related to sun
exposure. However, they are inevitably released to the marine envi-
ronment. For example, it has been estimated that 4000-6000 tons of
organic UV-filters could be released in reef areas (Danovaro et al., 2008).
The consequences of their release into aquatic systems are worrying, as
they have shown human and ecotoxicity (Carve et al., 2021) and are
now considered as a new pollutant type (Emmanouil et al., 2019).
Indeed they have shown estrogenic effects, hence are classified as
endocrine disruptors (Carstensen et al., 2022).

For example, oxybenzone, a common UV-filter, inhibits the repro-
duction of coral and fish via embryo toxicity and/or causing male fish to
be feminized, coral bleaching, and/or death (DiNardo and Downs, 2018)
(He et al., 2019). Also octocrylene-containing sunscreens cause coral
bleaching, even at very low concentrations (10 pL/L), by promoting
viral infection in their symbiotic algae (Danovaro et al., 2008).

Chemical pesticides, another type of persistent organic pollutants,
are currently the predominant source of fresh water contamination
(Boxall, n.d.). According to Food and Agriculture Organization of the
United Nations, the full usage of pesticide worldwide in 2019 has
reached 4.2 million tonnes (“FAO (2019) FAOSTAT. In,” 2020) and it is
anticipated to increase with global warming and demographic pressure.

Chlordecone and lindane are synthetic and non-biodegradable
chlorinated organic compounds, hence considered as highly persistent
in the environment. However, they have been mainly used as agricul-
tural insecticides. Chlordecone (or kepone) was used to control a wide
range of pests on tobacco, ornamental shrubs, bananas and citrus trees.
However, it has contaminated the population for more than 30 years.
Exposure to this substance causes neurological symptoms, such as
tremors and slurred speech. Moreover, a relationship between exposure
to chlordecone and risk of prostate cancer has been established (Multi-
gner et al., 2010). The International Agency for Research on Cancer has
classified Chlordecone as group 2B, a possible human carcinogen
(Report of the Persistent Organic Pollutants Review Committee on the
work of its third meeting Addendum Revised risk profile on chlordecone,
2007).

Lindane was firstly used to kill lice and a variety of pests that attack
agricultural products, livestock and trees. However, Lindane has been
has been progressively eliminated from many applications since the
mid-1970s in Europe and USA, due to its general toxicity to human and

the environment. Lindane can be absorbed through respiratory, diges-
tive or cutaneous routes and damages human liver, kidney, neural and
immune systems, and induces birth defects and cancer. Moreover,
Lindane is long lived in the environment -it bioaccumulates in food
chains (Nolan et al., 2012; Pages et al., 2002) and its presence can still be
detected in the blood of European citizens, although it has been banned
for about 50 years (“Debates of the European Parliament, session of the
January 14, 2008,” 2008).

Diuron and ametryne are active herbicides commonly used in agri-
cultural activities. Diuron is however classified as highly toxic and may
have toxic effects on the endocrine system and the reproductive system
(Franco et al., 2021). Both herbicides were found in algae, fishes and
macroinvertebrates located at various levels of the reef trophic web.
Their widespread contamination may affect the reef ecosystem, as some
of their symbiotic algae are particularly sensitive to photosystem II
herbicides, particularly diuron, ametryne and related derivatives (Salvat
et al., 2016).

Extensive research for wastewater treatment highlights the growing
interest of the scientific community and the needs towards this prob-
lematic. Moreover, the regulation of chemical pesticides in drinking
water has changed in Europe recently and reached a maximum limit of
0.10 pg/L for a single pesticide and 0.50 pg/L in total for cumulated
pesticides (“DIRECTIVE (EU) 2020/2184 OF THE EUROPEAN
PARLIAMENT AND OF THE COUNCIL on the quality of water intended
for human consumption,” 2020).

Biotechnologies for the degradation and elimination of emerging
contaminants have been described based on using membrane filtration
strategies (bio-membrane reactors, use of algae, fungi and bacteria,
enzymatic degradation), oxidation and adsorption oriented processes
(activated carbon, clays, cyclodextrin polymers, metal-organic frame-
works, molecularly imprinted polymers, chitosan, nanocellulose)
(Morin-Crini et al., 2021). In recent years, new alternatives such as
biosorption onto non-conventional materials (Aksu, 2005; Fenyvesi
etal., 2020; Li et al., 2019; Rojas and Horcajada, 2020; Wang and Wang,
2016) have been reported. However, little research has led to industrial
development. The implementation of a technical solution which is
economically viable and environmentally friendly is rare (Morin-Crini
et al., 2021).

We report the development of a simple, efficient and affordable
biosorption technology of persistent and emerging organic pollutants
based on using different types of waste biomass. The nature of the bio-
sorbents is the key parameter for the biosorption efficiency and profit-
ability. Our biosorbents were chosen as to be natural, low cost and
abundant all around the world. They can be classified in two groups
according to their origin and chemical composition:

i) powdered dead roots of invasive alien species, which are found
profusely in aquatic systems (Eichhornia crassipes, Pistia stratiotes)
and wetlands (Fallopia japonica). Such biomaterials are rich in cel-
lulose, hemicellulose and lignin but with a variable ratio of these
three biopolymers, that might play complementary roles in the
adsorption of organic molecules.

Moreover, in our previous study on rhizofiltration, an endocrine
disruptor was found by chance in the roots of Eichhornia crassipes,
coming from the plastic sheeting used as a pond liner (De Laet et al.,
2019).

ii) spent coffee grounds and green tea grounds, which were primarily
brewed for consumption of coffee and tea generating organic



residues. Such organic wastes present a high concentration of tan-
nins, a polyphenolic biopolymer, and have been extensively used in
biosorption studies of metallic elements (Bihanic et al., 2021; Cases
et al., 2021; Cybulska et al., 2022; Garcia et al., 2021; Grison et al.,
2021, 2018; Grison and Lock Toy Ki, 2021; Lock Toy Ki et al., 2022;
Stanovych et al., 2019).

Both biomaterials, because of their vegetal origin, are intrinsically
rich in several mineral elements, as calcium and magnesium, which are
Lewis acids and could interact with organic molecules bearing Lewis
base properties (Ho, 1975).

Physicochemical properties -composition, morphology and
structure-of these biomaterials were firstly compared. Biosorbents were
then tested for removing organic UV-filters (oxybenzone and octocry-
lene), insecticides (chlordecone and lindane) and herbicides (diuron and
ametryne) from water. The biosorption kinetics for each pair of bio-
sorbent/pollutant was first established. Then the capacity of each bio-
sorbent was investigated in ideal aqueous solutions. And an interference
study with common salts was then performed to evaluate the robustness
of biosorbents in reconstituted seawater. The relationship between the
chemical properties of organic pollutants and the nature of the bio-
sorbents was investigated to rationalise the differences in biosorption
capacity of the biosorbents.

2. Material and methods

Oxybenzone (98% purity) and lindane (>98% purity) were pur-
chased from Sigma-Aldrich. Octocrylene (>98% purity) and diuron
(>98% purity) were purchased from TCI. Chlordecone (>99% purity)
was purchased from Dr Erhenstorfer company and ametryn (99.5%
purity) from ChemService. All chemicals were used without further
purification.

2.1. Plants origin

Eichhornia crassipes was purchased from a specialized grower
(Nymphea company, France). The plants were placed in an outdoor tank
under greenhouse filled with water to which guano was added as
fertilizer.

Pistia stratiotes was directly collected by CNR (Compagnie Nationale
du Rhone) from the Rhone river/Gardon river near Comps (Gard,
France).

Fallopia japonica was collected by our laboratory at Thoiras (Gard,
France) in collaboration with EPTB Gardons (Etablissement Public
Territorial de Bassin).

Spent coffee grounds and green tea grounds were obtained directly
from our laboratory.

2.2. Biosorbents preparation

After collection, aerial parts of E. crassipes, P. stratiotes and F. japonica
were removed. The roots were air dried for 1 week and then ground and
sieved with a knife mill FRITSCH Pulverisette 19 in order to obtain
particles under 0.5 mm size. These ground roots were washed with
deionized water and finally oven-dried to obtain homogeneous powders.

The powder of F. japonica was then heated at 325 °C for 2 h and gave
a new powder named F. japonica TT, which stands for F. japonica
Thermally Treated.

Spent coffee and green tea grounds were washed with hot water until
a colorless filtrate was observed and then oven-dried. The particle sizes
of spent coffee grounds were between 1 and 0.5 mm for 30% and under
0.5 mm for 70%, thus this biosorbent was used with no further grinding.
Green tea leaves were ground and sieved in order to obtain particles
under 0.5 mm size.

2.3. Scanning Electron Microscope (SEM) images and Energy Dispersive
Spectroscopy (EDS) analysis

Scanning Electron Microscope (SEM) images were obtained using a
Hitachi S-4800 SEM. Samples were mounted on a support holder thanks
to a double-sided conducting adhesive tape. Images were obtained using
back-scattered electrons.

Energy Dispersive Spectroscopy (EDS) analysis with energy resolu-
tion 133 eV in scanning mode was performed using a Jeol JEM-2200FS
Field Emission Electron Microscope at accelerating voltage of 200 kV. In
each case, samples were ground into a thin powder, and suspended in
hexane. Each suspension of samples was dropped off on a grid CF 300 —
Cu (carbon film on 300 Mesh copper grids).

2.3.1. Brunauer Emmett-Teller (BET) analysis

The specific surface area and pore size distribution of the samples
were inferred from the measurements of adsorption—desorption of
gaseous nitrogen at 77 K with the use of a Micromeritics Tristar unit.

Prior to the experiments, each sample was aged in EtOH for at least
24 h. The next stage involved further exchange of the remaining water in
the sample by removing the ageing solution which is replaced with
absolute ethanol. This operation was performed twice with at least 24 h
between ethanol exchanges. The obtained sample was finally dried by
exchanging the ethanol with liquid CO. followed by supercritical
evaporation (Pierre and Pajonk, 2002).

2.4. Conditions of biosorption

All biosorption experiments were performed between 22 and 25 °C.
Analysis conditions and calibration curves are presented in Supporting
Information.

2.4.1. General procedure 1 (GP1): adsorption of chlordecone and lindane

Due to their low UV-Vis response, the adsorption studies of lindane
and chlordecone were performed by GC-FID.

In an Erlenmeyer-type flask equipped with a magnetic stirrer were
added 250 mL of distilled water. Then, 250 pL of the desired pollutant-
containing solution (10 mmolLL™! in propan-2-ol) were added under
stirring. After 2 min of homogenisation, 4 mL of the initial solution were
collected and filtered into a 15 mL falcon-type tube. Biomass wastes
(250, 750 or 1250 mg) were finally added and the resulting suspension
was stirred for 2 h. The mixture was filtered and 4 mL were also collected
in a falcon-type tube. This procedure was simultaneously realized as
triplicates.

A solution of biphenyl (7.2 mg/L) in ethyl acetate was realized. 1 mL
of this solution was added to the 4 mL of the samples. The falcon-type
tubes were sealed and vigorously shaken during 1 min. The tubes
were then centrifuged for 3 min at 5300 rpm. The organic phase was
transferred into a GC vial and analysed.

The identification of the samples was based on comparison of its
retention time with those of the standard compounds. Three injections
of each solution were used to obtain the curve. The calibration curve was
linear (R? were presented in the supporting information 3. Calibrations).
The calculations of the limits of detection and quantification were
detailed in the supporting information 3. Calibration. All the limits were
below the calibration curve.

2.4.2. General procedure 2 (GP2): adsorption of oxybenzone, octocrylene,
ametryn and diuron

The adsorption studies of both UV-filters, oxybenzone, octocrylene,
ametryn and diuron, were performed by HPLC-UV.

In an Erlenmeyer-type flask equipped with a magnetic stirrer were
added 250 mL of distilled water (or a solution of H,O/iPrOH 90:10 in the
case of octocrylene). Then, 250 pL of the desired pollutant-containing
solution (10 mmol.L™! in propan-2-0l) were added under stirring.
After 2 min of homogenisation, 1 mL of the solution was collected and



filtered with a 0.45 pm syringe-filter into a HPLC vial. Biomass wastes
(250, 750 or 1250 mg) were finally added and the resulting suspension
was stirred for 2 h. The mixture was filtered and 1 mL was also collected
and filtered with a 0.45 pm syringe-filter into a HPLC vial. This pro-
cedure was simultaneously realized as triplicates. The samples were
thermostated at 15 °C and the injection volume varied between 100 pL
and 40 pL depending on the compound quantification. Elution condi-
tions are presented in SI (SI1 Reagents and instruments).

The identification of the samples was based on comparison of its
retention time with those of the standard compounds. Three injections
of each solution were used to obtain the curve. The calibration curve was
linear (R were presented in SI: 3. Calibrations). The calculations of the
limits of detection and quantification were detailed in the supporting
information 3. Calibration. All the limits were below the calibration
curve.

2.4.3. General procedure 3 (GP3): kinetics monitoring of lindane and
chlordecone biosorption

In an Erlenmeyer-type flask equipped with a magnetic stirrer were
added 250 mL of distilled water. Then, 250 pL of the desired pollutant-
containing solution (10 mmol.L™! in propan-2-ol) were added under
stirring. After 2 min of homogenisation, 4 mL of the initial solution were
collected and filtered into a 15 mL falcon-type tube. Biomass wastes
(750 mg) were finally added and the resulting suspension was stirred for
4 h 4 mL samples of the mixture were collected at 10, 20, 30, 40, 50, 60,
120, 180 and 240 min. Each sample were filtered into a falcon-type tube
in order to isolate the solution from the biosorbent.

2.4.4. General procedure 4 (GP4): kinetics monitoring of oxybenzone,
octocrylene, ametryn and diuron biosorption

In an Erlenmeyer-type flask equipped with a magnetic stirrer were
added 250 mL of distilled water (or a solution of H,O/iPrOH 90:10 in the
case of octocrylene). Then, 250 pL of the desired pollutant-containing
solution (10 mmol.L™! in propan-2-0l) were added under stirring.
After 2 min of homogenisation, 1 mL of the solution was collected and
filtered with a 0.45 pm syringe-filter into a HPLC vial. Biomass wastes
(750 mg) were finally added and the resulting suspension was stirred for
4 h 1 mL samples of the mixture were collected at 10, 20, 30, 40, 50, 60,
120, 180 and 240 min. Each sample were filtered with a 0.45 pm
syringe-filter into a HPLC vial. The samples were thermostated at 15 °C
and the injection volume varied between 100 pL and 40 pL depending on
the compound quantification. Elution conditions are presented in SI (SI1
Reagents and instruments).

2.4.5. General procedure 5 (GP5) preparation of reconstituted seawater

The preparation of reconstituted seawater was realized following the
reported distribution of elements in the seawater (Quinby-Hunt and
Turehian, 1983). Regarding the very low concentration of many ele-
ments, only the most abundant elements were added (Na, Mg, Ca, S and
CD). For In an Erlenmeyer-type flask, NaySO4 (20.43 g), MgCl, (8.55 g),
CaCl; (1.96 g), KCI (1.29 g) and NaCl (40.66 g) were added followed by
1.7 L of deionized water. The mixture was stirred until complete sol-
ubilisation of the salts. For more details, see SI 2.1.1.3. Synthetic sea
water.

2.4.6. General procedure 6 (GP6): kinetic monitoring of lindane and
chlordecone biosorption in reconstituted seawater

In an Erlenmeyer-type flask equipped with a magnetic stirrer were
added 250 mL of synthetic sea water (see GP7). Then, 250 pL of the
desired pollutant-containing solution (10 mmol.L™! in propan-2-ol)
were added under stirring. After 2 min of homogenisation, 4 mL of the
initial solution were collected and filtered into a 15 mL falcon-type tube.
750 mg of the best biomass wastes (Coffee grounds in these cases) were
finally added and the resulting suspension was stirred for 4 h 4 mL
samples of the mixture were collected at 10, 20, 30, 40, 50, 60, 120, 180
and 240 min. Each sample were filtered into a falcon-type tube in order

to isolate the solution from the biosorbent.

The identification of the samples was based on comparison of its
retention time with those of the standard compounds. Three injections
of each solution were used to obtain the curve. The calibration curve was
linear (R% were presented in SI 3. Calibrations). The calculations of the
limits of detection and quantification were detailed in the supporting
information 3. Calibration. All the limits were below the calibration
curve. 2.5.7. General procedure 7 (GP7) kinetic monitoring of
oxybenzone, octocrylene, ametryn and diuron biosorption in
reconstituted seawater.

In an Erlenmeyer-type flask equipped with a magnetic stirrer were
added 250 mL of synthetic sea water (see GP7) (or a solution of Synthetic
sea water/iPrOH 90:10 in the case of octocrylene). Then, 250 pL of the
desired pollutant-containing solution (10 mmol.L™! in propan-2-ol)
were added under stirring. After 2 min of homogenisation, 1 mL of the
solution was collected and filtered with a 0.45 pm syringe-filter into a
HPLC vial. 750 mg of the best biomass wastes (F. japonica T.T. for diuron
and oxybenzone and Coffee grounds for ametryn and octocrylene) were
finally added and the resulting suspension was stirred for 4 h 1 mL
samples of the mixture were collected at 10, 20, 30, 40, 50, 60, 120, 180
and 240 min. Each sample were filtered with a 0.45 pm syringe-filter
into a HPLC vial. The samples were thermostated at 15 °C and the in-
jection volume varied between 100 pL and 40 pL depending on the
compound quantification. Elution conditions are presented in SI (SI1
Reagents and instruments).

2.5. Statistical analysis

Relationships among biosorbents, organic pollutants and the bio-
sorption were investigated by using a multivariate statistical analysis
based on a principal component analysis (PCA).

PCA was performed using Unscrambler X 10.3. PCA was applied to a
total of 99 experiments performed with the 6 biosorbents (root powder
of Eichhornia crassipes, root powder of Pistia stratiotes, root powder of
Fallopia japonica, coffee grounds and green tea grounds) and with a total
of 12 variables (biosorption yield (Byield), water solubility (Ws),
XLogP3, Hydrogen Bond Donor (HBD), Hydrogen Bond Acceptor (HBA),
Rotatable Bonds (Rb) and Topological Polar Surface Area (PSA),
biomass concentration (Bc), %hemicellulose, %cellulose, %lignin, %
tannins).

All data were mean-centered and divided by standard deviation. This
ensures that all variables had the same influence on the principal com-
ponents (PCs). The cross-fold validation (random with 20 segments), the
uncertainty Martens’ test with the optimal number of PCs and Nonlinear
Iterative Partial Least Square (NIPALS) algorithm were used for calcu-
lations. In accordance to the Kaiser’s rule (Kaiser and Rice, 1974) (Kaiser
and Rice, 1974), only factors with eigenvalues that exceed one were
retained. According to Morrison (1967), PC-1 to PC-4, that account for
81% of the total variance, were presented. Factor loadings, whose ab-
solute value was greater than 60% of the maximum factor loading in
each PC, were considered (Jolliffe, 2010).

3. Results & discussion
3.1. Physiochemical properties of the biosorbents

The biosorbents were directly prepared from the fresh biomass,
without any chemical transformation. This point is crucial, as many
processes of biosorption rely on chemical modification of biomass,
which is often not compatible for future industrial applications. Roots of
aquatic and wetland plants (E. crassipes, P. stratiotes, F. japonica), spent
coffee grounds and green tea leaves were only dried, ground (except for
the coffee grounds), washed and dried again. A fourth biosorbent was
prepared differently using the crude roots of F. japonica, which were
thermally treated to destroy cellulose and hemicellulose, attempting to
decrease the polarity of the biomaterial, and was named F. japonica TT
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Fig. 1. Mineral composition of the biosorbents established by MP-AES.

(Thermally Treated).

3.1.1. Elemental composition of the biosorbents

The complete mineral composition of the biomaterials was deter-
mined by MP-AES, for anticipating possible interactions between
metallic elements, naturally contained within the biomaterials, and the
organic pollutants (Fig. 1).

Metallic compositions of the biomass wastes are quite different
(Fig. 1). The analysis shows that biomass wastes derived from aquatic
and wetland plants (E. crassipes, P. stratiotes and F. japonica) mainly
contain calcium. The large presence of calcium ions might be interesting
for adsorbing the selected organic pollutants, as they all display Lewis
base properties (Ho, 1975).

Biomass wastes obtained from spent coffee grounds and green tea
grounds, rich in tannins, and F. japonica TT, contain a high rate of
potassium.

The presence of zinc should be noted for F. japonica and spent green
tea grounds.

Energy dispersive X-ray spectroscopy (EDS) analysis showed that
carbon and oxygen contribute most to the elemental composition of
biomass wastes, which can be related to the organic composition of the
biosorbents (SI4 Scanning electron microscopy). EDS also showed that
biomass wastes derived from aquatic and wetland plants (E. crassipes,
P. stratiotes and F. japonica) contain significant amounts of calcium, as
also observed in MP-AES. For P. stratiotes and F. japonica, appreciable
quantities of potassium and silicon were also observed. And root powder
of E. crassipes contained also phosphorous.”

3.1.2. Morphology of the biosorbents

Besides their chemical composition, the morphology and texture of
the biosorbents is a crucial parameter in view of the sorption properties
of materials. We addressed this issue via scanning electron microscopy
(SEM) and nitrogen sorption experiments. Whereas SEM allows getting a
general overview on the morphology of the materials in terms of particle
size and shape, nitrogen sorption gives more detailed insight in the
porosity of the materials and allows for a detailed description of pore
size, pore volume and pore size distribution on the mesoscopic scale.
These two characterization methods therefore allow getting a complete
set of information of textures, architectures and morphologies over
several orders of magnitude, i.e. from the mesoscopic to the microscopic
level.

The SEM images of the biosorbents are presented in Fig. 2. All ma-
terials display heterogeneous morphologies in terms of particle size and
shape. Fiber-like morphologies can be observed in all samples.

Organization and order on the microscopic length scale can be seen
in the non-treated root powder samples. Indeed, particles of E. crassipes,
P. stratiotes and F. japonica, show fragments of dehydrated root tissues. A
cross section of E. crassipes root, displaying intact vascular bundles and
cortex with a flattened/dehydrated epidermis layer is clearly seen at the
highest magnification (SI 4. Scanning electron microscopy).

The root powder of F. japonica TT that has been thermally treated
show smaller particles with a sponge-like porosity compared to the non-
treated sample. Similar morphology of sponge-like porosity can be

observed for green tea grounds. This feature can be favourable for ap-
plications in the field of biosorption.

Spent coffee grounds display heterogeneous sizes of particles with
irregular pores, in line with the work of Mariana et al. (2018).

Porosity is an important parameter for the description of the
morphological and textural properties of adsorbents. High porosity in
terms of high specific surface area often improves the adsorption
properties of adsorbents. In order to get more detailed information on
the textural properties of the biosorbents, we performed nitrogen sorp-
tion experiments at 77 K, and the specific surface area of the samples
was then determined via Brunauer-Emmett-Teller (BET) analysis. The
materials used for these measurements were treated under conditions as
close as possible to those of the biosorption conditions, using a super-
critical COy drying process for the preparation of the samples. This
methodology is suitable for measuring the porosity of the biosorbents in
solution, instead of in the air (Garcia-Gonzalez et al., 2012; Mukho-
padhyay and Rao, 2008).

Our results indicate that the biosorbents generally display low
mesoporosity or are non-porous. All samples displayed specific surface
areas below 1 m?/g, except the root powder of E. crassipes that displays a
specific surface area of Sggr = 32 m?/g. This porosity, although rather
limited, can be explained by the conserved internal root structure of
E. crassipes, as shown in the SEM micrograph in Fig. 2.

3.2. Removal of the selected organic pollutants by biomass wastes

Biosorption of the organic pollutants was studied preparing
contaminated solutions at the same concentration of 10 pmol.L ™! for a
comparative study of each pollutant. This concentration represents a
compromise between the solubility of the pollutant in water and a
concentration about 50 times above the DL and QL. Powders of the
biomass wastes were introduced at 1-5 g.L ™! in the contaminated so-
lutions. This range of concentrations was considered reasonable for a
potential industrial development.

Due to the hydrophobic nature of pollutants, a preliminary study was
performed to evaluate the adsorption of the pollutants on the walls of
the reactor. No pollutant could be detected in an EtOAc solution that was
used to wash the walls of the reactor.

3.2.1. Kinetics studies

The biosorption kinetics was first investigated to determine the time
required for a maximum adsorption of each organic pollutant (10 pmol.
L’l) by each biomaterial (3 g.L’l). Experiments were conducted for
different timings, from 10 min to 4 h (see SI 5. Biosorption results). In all
systems, the biosorption was fast, as only 30 min to 1 h were required to
reach the maximum level of removal.

The results were further analysed according to the pseudo-first and
pseudo-second order models (Sahoo and Prelot, 2020). In all systems,
their linearization and experimental fitting showed better coefficient of
determination for the pseudo-second order model (see SI 6. Kinetic
studies). Such kinetics model can be linked to a remarkably fast bio-
sorption at the beginning, which could correspond to rapid filling of the
adsorption sites, followed by the equilibrium, in which no more
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Fig. 2. SEM Images of biomass wastes.

adsorption was observed despite increasing the contact time.

3.2.2. Removal of organic UV-filters and pesticides by biosorption

The adsorption capacity of each biowaste was evaluated on oxy-
benzone, octocrylene (Fig. 3A-B), ametryn and diuron (Fig. 3E-F) as
described in Methods GP2, and on lindane and chlordecone as described
in Methods GP1 (Fig. 3C-D). As the kinetics study showed that the
equilibrium was reached between 30 min and 1 h for every system, the
biosorption experiment lasted 2 h.

Maximal biosorption efficiency of oxybenzone and octocrylene was

very good, as it reached 89% and 90% respectively (Fig. 3 A & B). For
oxybenzone, little difference was noted between biosorbents used at 5 g/
L, giving a range of 75-89% of removal efficiency. However, the lowest
concentration allowed discrimination among the biosorbents. Heat-
treated F. japonica TT gave the best result even at 1 g/L, with 76% of
removal efficiency.

Discrimination among the biosorbents was clearer for octocrylene.
Spent coffee grounds and root powder of F. japonica TT lead to the best
removal of octocrylene from solution, with 90 and 81% of biosorption.

Excellent results were obtained for the biosorption of chlordecone,
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Fig. 3. Removal of organic UV-filters (A: oxybenzone, B: octocrylene) and pesticides (C: chlordecone, D: lindane, E: diuron, F: ametryn) from aqueous solutions.
Initial concentration of organic pollutant was 10 pmol/L. Contact time was 2 h. Each experiment was conducted three times independently.
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Fig. 4. Removal of organic pollutants from deionized water and reconstituted
seawater. Initial concentration of organic pollutant was 10 pmol/L. Oxy-
benzone, diuron were removed by the biosorbent derived from F. japonica TT
(3 g/L); octocrylene, chlordecone, lindane and ametryn were removed by the
biosorbent derived from spent coffee grounds (3 g/L). Contact time was 2 h.

which is promising for the population living in areas contaminated by
such hazardous insecticide. Indeed root powder of E. crassipes, spent
coffee and green tea grounds gave a range of 92-96% of removal effi-
ciency; and root powder of P. stratiotes, even at the lowest concentration
of 1 g/L, led to a total decontamination of the aqueous solution. This
result is even more encouraging, considering the abundance of both

in reconstituted seawater (Fig. 4). The biomaterial, which previously
gave the highest biosorption efficiency (Fig. 3), was used in this inter-
ference study.

In general, the biosorption efficiency was not impacted by the
presence of salts; except for octocrylene and ametryn whose adsorption
was respectively slightly less and more efficient in reconstituted
seawater.

3.2.4. Comparison to literature

Several biomaterials, as plant-based, agricultural and
microorganism-based sources, have been explored for removing organic
pollutants by adsorption. A comparison between existing systems and
the biosorbents reported here, versus lindane, diuron and ametryn is
presented in Table 1.

In general, all biomaterials are efficient, which support the large
interest in depollution by biosorption. However, these performances are
reached in different experimental conditions that can include pH change
(Abdel-Aty et al., 2015; Zhang et al., 2015), chemical modification of the
biomaterial (Zhang et al., 2015) or high loading of biomaterial (Silva
et al., 2013). Overall, spent coffee grounds and powder of invasive alien

Table 2
Factor loadings of the pollutant and biosorbent variables obtained by Principal
Component Analysis (marked loadings are higher than 60 + 2% of maximum

aquatic  plants in  the  chlordecone-contaminated  areas loading for each PC in absolute value).
(Méndez-Fernandez et al., 2018; Rochette et al., 2020). Interestingly, PC-1 PC-2 PC-3 PC-4
beat-tFe.ated F. japonica TT was not efficient for removing this Characteristics of  Water 0451 0013 0199 0070
insecticide. the organic Solubility
A very good removal efficiency of 88% was obtained for lindane pollutants Hydrogen Bond  —0.449  —0.022  —0.261  0.068
using coffee grounds as biosorbent. Green tea grounds were also efficient Donor
at 80%, while the root powders of the aquatic plants could only remove ;Iydrotge“ Bond  —0.472  0.053 0.162 0.142
. .. A . cceptor
half (}f the 1flsect1c1.de initial concenqa.tlon. N XLogP3 0.097 0.105 0.635  0.007
Biosorption of diuron was very efficient, but surprisingly by only one Rotatable 0222 0.111 0.578 0.046
biosorbent, the root powder of heat-treated F. japonica TT, which gave a Bonds
90% of removal efﬁciency at 5 g/L. Polar Surface —0.481 0.050 0.158 0.113
. . . . Area
Biosorption of ametryn was clearly 1 fficient. nt coffi n
osorption of ametry as clearly 1ess € C ent .Spe t coffee and Characteristics of ~ Biosorbent 0.032 0.009 0.028 0.641
green tea grounds, and root powder of TT F. japonica were the best the biosorbents  concentration
biosorbents, but could only remove half of the herbicide initial %Lignin -0.025  —0.603 0.141 0.030
concentration. %Cellulose —0.013 0.382 0.148 —0.344
% 0.011 0.582 —0.113 —0.036
. . . . Hemicellulose
3.2.3. Flosorptwn of pollutants in rfeconsﬂm.ted seawater . o4 Tannins 0.057 0.348 _0192  0.369
An interference study was carried out in order to evaluate the bio- Biosorption Biosorption 0.277 0.037 0.103 0.536
sorption performances in real aquatic systems (sea, lagoon, river, pond), efficiency yield
where organic pollutants could be found. Interfering compounds can be Statistics Eigenvalue 3.88 2.36 2.19 1.28
salts, whose sodium, magnesium, calcium, sulfate and chloride are the f;;ﬁ‘j;‘;;n‘;i 82 20 18 1
most concentrated (Quinby-Hunt and Turehian, 1983). %)
Adsorption of each pollutant was compared in deionized water and
Table 1
Comparison of the biosorption efficiency between biosorbents.
Biosorbent Organic Conditions Removal Maximal biosorption capacity References
pollutant efficiency (mg/g)
Pinus pinaster bark powder (5 g/L) lindane (20 pg/ deionized water 80% 0.0032 Ratola et al. (2003)
L)
Spent coffee grounds (3 g/L) (3 mg/L) reconstituted 89% 0.89 This study
seawater
Microalgal biomass diuron (40 mg/ deionized water 80% 32 Abdel-Aty et al.
Anabaena sphaerica and Scenedesmus obliquus L) pH=3 (2015)
1g/L)
Invasive alien species powder (2.3 mg/L) reconstituted 94% 0.72 This study
Fallopia japonica TT (3 g/L) seawater
Cellulose/graphene composite (3 g/L) ametryn (1 mg/ deionized water 95% 0.31 Zhang et al. (2015)
L) pH=9
Banana peel powder (60 g/L) (10 pg/L) deionized water 96-98% 0.0002-0.0001 Silva et al. (2013)
river water 53-62%
Spent coffee grounds (3 g/L) (2.3 mg/L) reconstituted 59% 0.45 This study
seawater
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Fig. 5. Characteristics of organic pollutants and biosorbents related to biosorption efficiency.

species present a good maximal biosorption capacity. And they are not
chemically modified, are used in reasonable quantity with no modifi-
cation of pH. Their biosorption capacity remained high in reconstituted
seawater, although different from real water samples, in which powder
of banana peel was proved to remain efficient (Silva et al., 2013).

3.3. Principal component analysis

A principal component analysis (PCA) was performed as an attempt
to rationalise the biosorption results (Table 2). The PCA was conducted
considering variables from the organic pollutants (water solubility,
XLogP3, Hydrogen Bond Donor, Hydrogen Bond Acceptor, Rotatable
Bonds and Topological Polar Surface Area) and variables from the bio-
sorbents (Biosorbent concentration, %hemicellulose, %cellulose, %
lignin, %tannins).

Four principal components (PCs) explained 81% of the total vari-
ance. The first PC (PC-1), accounting for 32% of the total variance,
described some characteristics of the organic pollutants, all related to
their solubility in water. Although less important in absolute value, the
factor loading of the biosorption efficiency cannot be excluded, since it
corresponds to 59% of the maximum loading. PC-1 shows a negative
correlation with water solubility of the pollutants and a positive corre-
lation the biosorption efficiency. Indeed, the more soluble in water the
organic pollutants are, the more difficult their interaction with water is
breakable and the less they adsorb on the biosorbents (Fig. 5).

The PC-2 described the chemical composition of the biosorbents,
showing that lignin is less present when cellulose, hemicellulose and
tannins compose the biosorbent.

The PC-3 described the hydrophodicity and rotatable bonds of the
compounds.

The PC-4, accounting for 11% of the total variance, was influenced
by some characteristics of the biosorbents and the biosorption effi-
ciency. As expected, the concentration of biosorbent is positively
correlated with the biosorption efficiency. And the chemical composi-
tion of the biosorbents seems to have an effect, although weak, on the
biosorption efficiency. The presence of tannin is positively correlated
with the biosorption efficiency, while it is the opposite for the presence
of cellulose (Fig. 5). Indeed, biomaterials containing tannins are better
biosorbent of organic pollutants than biomaterials rich in cellulose,
which is more hydrophilic and less prone to interact with organic

molecules than water.

4. Conclusion

Root powders of aquatic and wetland invasive alien species
(E. crassipes, P. stratiotes, F. japonica) showed excellent capacities for the
biosorption of chlordecone, oxybenzone, octocrylene and diuron in ideal
aqueous solutions in only 2 h. Both spent coffee grounds and green tea
grounds exhibited excellent biosorption efficiency for chlordecone,
oxybenzone, octocrylene and lindane in ideal aqueous solutions in only
2 h. The biosorption of ametryne only was less efficient, as none of the
biosorbents could remove more than half of the herbicide initial con-
centration. Similar biosorption capacity was obtained in reconstituted
seawater for each pollutant, except for octocrylene whose adsorption
was slightly lower. Principal component analysis suggested that bio-
sorption efficiency could be directly related to the water solubility of the
organic pollutants and the concentration of tanins in biosorbents,
explaining the excellent removal of all pollutants except ametryn.

This biosorption technology allowed a double environmental ser-
vice, as the rapid and efficient removal of pesticides and UV-filters from
water, using abundant wastes, as invasive plants, coffee and tea grounds,
as biosorbents. These results and the robustness of this method in brine
provide strong motivation for the harvest and thereby the control of
invasive plants proliferation, allowing the preservation of biodiversity of
aquatic and wetland ecosystems. Further studies would be required
under field condition, to challenge this methodology in the depollution
of aquatic ecosystems.
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