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• Macroalgal community grown in a
highly Cr(VI)-polluted aquatic reservoir
was studied.

• Taxonomic analysis revealed the
presence of 13 algal species in the
biological mat.

• The algae exhibited hyperaccumulative
properties toward chromium (up to
16,230 mg/kg).

• It was found that Cr(VI) detoxification
was reduction followed by Cr(III)
biosorption.

• Ion exchange and complexation were
confirmed as the main mechanisms of
Cr(III) binding.
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The naturalmacroalgal community, which developed in the unique and extremely Cr(VI)-polluted aquatic reser-
voir situated near a historical chromium-waste landfill, was studied in order to recognize the main mechanisms
of Cr(VI) detoxification by the algal species. The conducted taxonomic analysis revealed mixed composition of
the filamentous forms of algae and showed that three species of Tribonema, namely T. vulgare, T. microchloron
and T. viride, which have not been studied before with regard to themechanisms of Cr(VI) removal, are likely re-
sponsible for the effective bioremediation of this highly Cr(VI)-polluted habitat. The studied algal community,
with the ability to grow in extremely high concentrations of Cr(VI), i.e. up to ca. 6150 times the upper limit for
surface water, exhibited hyperaccumulative properties for chromium (max 16230 mg/kg dry weight) under
the given environmental conditions. We found that the main mechanism of Cr(VI) detoxification was reduction
followed by Cr(III) biosorption – feasibly by ion exchange and complexationmechanisms – and that the excellent
efficiency of chromium reduction under the given, unfavorable weakly alkaline conditions indicates the biologi-
cal origin of this process. It was concluded that the examined reservoir inhabited by the algal community can be
used, after some modifications, as a simple cost-effective “bioreactor” allowing the reduction of chromium con-
centration to the desired level. Moreover, the conducted studies are also essential to obtain in-depth knowledge
and should also be helpful in the relevance of the community for its further application as a potential biosorbent
of Cr(VI) on a global scale.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Hexavalent chromium is a highly toxic and carcinogenic element
present in various industrial effluents in concentrations exceeding
thousands of times the allowable limits for natural waters. Many efforts
have been made so far to develop effective technologies for its removal
from aqueous solutions. Among them, especially phycoremediation
(the application of algae in wastewater treatment) has recently
attracted a lot of attention (Furey et al., 2017; Mantzorou et al., 2018;
Salama et al., 2019). Algae exhibit some important advantages over
other biomass:

− they grow under a wide range of environmental conditions includ-
ing in heavy metal-polluted sites, therefore algae cultivation may
be achieved in agricultural, municipal or industrial wastewater
(Abou-Shanab et al., 2011; Salama et al., 2019);

− they show high growth rates because of the excellent photosyn-
thetic activity (Sukla et al., 2013);

− harvested algal biomass can be further used for other applications
such as biofuel generation (Abou-Shanab et al., 2011; Craggs et al.,
2014; Gupta et al., 2017; Mantzorou et al., 2018; Tian et al., 2014),
or production of metal nanoparticles (Priyadarshini et al., 2019)
and bioplastic materials (Lutzu et al., 2021).

The effective removal of Cr(VI) from industrial effluents, bymeans of
various micro- and macroalgae species, has been reported (Bwapwa
et al., 2017; He and Chen, 2014; Lin et al., 2020; Sahmoune et al.,
2011; Saravanan et al., 2017; Singh et al., 2021). However, despite the
abovementioned advantages making algae attractive for “green”waste-
water treatment technologies, phycoremediation is still hardly applied
in industrial practice. The conventional methods of Cr(VI) remediation
used in the chemical industry, such as ion exchange or reduction/pre-
cipitation, are often characterized by the required efficiency and also
the technical know-how is readily available. Notwithstanding, most of
these technologies are expensive andmay be ineffectivewhen the chro-
mium concentration in wastewater is low (<100 mg/L) (Gupta and
Rastogi, 2008). Moreover, precipitation of Cr(OH)3 generates a large
amounts of sludge that needs to be further processed. Therefore, the im-
plementation of phycoremediation in industrial wastewater treatment
can be beneficial for the chemical industry, but there are still many is-
sues that have to be addressed to make this technology more common
in industrial practice (Bwapwa et al., 2017; Furey et al., 2017;
Sahmoune et al., 2011; Salama et al., 2019). Since phycoremediation de-
pends on the biosorption and bioaccumulation capacities of algae, re-
cent research undertaken worldwide have focused on two main areas:
the use of dried or living algal biomass as the biosorbent in fixed bed ad-
sorption systems, and the utilization of living organisms in purpose-
built wetland systems such as high-rate algal ponds (HRAP) (Craggs
et al., 2014; Fletcher et al., 2020; Young et al., 2017). It should be
noted that biosorption, based on physicochemical properties of the bio-
mass surface, can be considered as the initial stage of the whole biore-
mediation process; it is assumed that biosorption represents usually
more than 80% of the total chromium uptake by algae (Mehta and
Gaur, 2005). Bioaccumulation is a more complex, metabolism-
dependent process and relates to metal detoxification after its perme-
ation across the cell membrane and/or tonoplast (Mehta and Gaur,
2005; Saravanan et al., 2017; Volesky, 2007). It is noteworthy that the
efficiency of living algae may be higher than that of dried biomass, as
they can remove a greater quantity of metals using both biosorption
and bioaccumulation mechanisms for a longer time (Salama et al.,
2019). Living organisms are also especially beneficial in the treatment
of wastewater with a lower load of pollutants (Cabatingan et al., 2001;
Sahmoune et al., 2011). Moreover, the use of dried, ground algal bio-
mass or living microalgae in biosorption systems has some serious dis-
advantageous (difficulties in sorbent separation, high hydraulic
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resistance in fixed-bed systems) which may need their immobilization
within the structure of porous solid materials (Zeraatkar et al., 2016).

Irrespective of the form of the algal biomass used, much effort has
been made to reveal the mechanisms of cell surface sorption/precipita-
tion and intercellular accumulation of chromium (Saravanan et al.,
2017). Since it may influence themetabolism of the cells (e.g. inhibition
of photosynthesis, respiration and other enzymatically driven pro-
cesses), and disrupt the membrane integrity owing to electrolyte leak-
age and deterioration of biomolecules‘structure, the mechanisms
protecting the cells from penetration by chromium are of the highest
importance. They involve adsorption on extracellular polymeric sub-
stances (EPS) as well as adsorption or precipitation on the cell walls.
Both EPS and cell walls are composed mainly from polysaccharides
and their derivatives, e.g. alginic acid, proteins, glycoproteins, phospho-
lipids, which contain various functional groups playing a vital role in Cr
(III) and Cr(VI) binding (Davis et al., 2003). The relative ratios of func-
tional groups may significantly differ for various algal strains
(Priyadarshini et al., 2019; Salama et al., 2019), and some functionalities
may bind chromium by various mechanisms, e.g. the carboxyl group –
besides ion exchange – might be engaged in complexation with Cr(III)
(Bertagnolli et al., 2014; Papageorgiou et al., 2010). Moreover, aside
from the EPS, some low molecular compounds or enzymes may also
be excreted from the cells so that they could react with Cr(VI), lowering
its toxicity by reduction to less harmful Cr(III). The essential difference
between these two forms of chromium is that Cr(VI) can easily pene-
trate the cell membrane, affecting its integrity or influencing the meta-
bolic processes within the cells (Francisco et al., 2010). In contrast, the
cell membrane is almost impermeable to trivalent chromium, because
of which it is about 100 times less toxic and about 1000 times less mu-
tagenic than Cr(VI) (Polti et al., 2010). Thus, the reduction of Cr(VI) to Cr
(III) is thought to be the crucial process protecting the living cells from
being damaged, and it may be either of enzymatic or non-enzymatic or-
igin. Therefore, determination of the mechanisms responsible for chro-
mium removal is of the highest importance and may be helpful in the
implementation of phycoremediation under specific conditions.

Another prospective research area is the development of new algal
strains characterized by higher resistance and greater capacity for chro-
mium removal. It may be achieved at themolecular level by genetic en-
gineeringmethods leading to highly effective biosorbents (Apandi et al.,
2019; Rajamani et al., 2007). Because of the essential differences in
characteristics of various effluents from the chemical industry, and the
importance of algae acclimatization to the given conditions, the utiliza-
tion of algae developed naturally in the polluted aquatic environment
seems to be especially beneficial (Bakatula et al., 2014; Rehman and
Shakoori, 2001; Yewalkar et al., 2007). Some cyanobacteria species
commonly called Spirulina are useful in bioremediation of Cr-polluted
water (Rezaei, 2016). Also different taxa ofmicroalgae, such as Chlorella,
Chlamydomonas, Dunaliella, as well as filamentous Nitella and Ulothrix
tenuissima Kützing, show high capacity of Cr phytoextraction
(Chabukdhara et al., 2017).

In this paper we present a study on the unique aquatic reservoir sit-
uated in the area of a chemical company which has been producing Cr
(VI) compounds for almost one hundred years. In this area Cr(VI)-con-
tamination of groundwater is a consequence of rainfall infiltration of the
historical chromium-waste landfill. The production wastes were gath-
ered on this landfill for about 40 years, until the 1960s. Since the
1990s the polluted groundwater has been collected in the reservoir for
further Cr(VI) chemical detoxification. From the biological point of
view the aquifer enabled the development of a unique, stable habitat—
an aquatic ecosystemmore than 20 years old. Therefore, the algal com-
munity found there – in the form of a characteristic biological mat – has
created mechanisms enabling the algae to colonize and grow in ex-
tremely high concentrations of Cr(VI), up to approximately 6150
times the upper limit for surface water. Identifying the organisms pres-
ent in the biological mat, as well as understanding the processes con-
trolling the phycoremediation at the physicochemical level, is
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essential to obtain in-depth knowledge on the protection of the natural
environment and thus of human health. It should also be helpful in de-
termining the relevance of the community for its further application as a
potential biosorbent of Cr(VI) on a global scale in a temperate zone. To
sum up, it is of the highest importance – from both a scientific and a
practical point of view – to identify the main mechanisms of Cr(VI) de-
toxification by the studied biocenosis.
2. Materials and methods

2.1. The algal community

The material was collected from the area of a chemical company sit-
uated in the southern Poland (Fig. 1a). The plants grew in a retention
ditch collecting infiltrates from the nearby situated historical
chromium-waste landfill (Fig. 1b, c). They created a community consti-
tuted by filamentous algae forming a characteristic biological mat
(Fig. 1e). The 120 m length ditch crosses the aquifer to a depth of
about 0.5 m and acts as a filter for Cr(VI)-polluted groundwater
(Fig. 1d). It allows also surface drainage. Three groundwater mouths
are situated there. The concrete slabs stabilized the slopes and the bot-
tomof the ditch. The bottom is coveredwith gravel. Cr leachate (Fig. 1d)
is collected in the ditch to the level c.a. 50 cm and then it is pumped by
submersible pump into a retention tank, where hexavalent chromium is
chemically reduced to trivalent form. For the analysis ca. 600 g of the bi-
ologicalmatwas harvested in September 2019 from the stands adjacent
Fig. 1. Themap of a study site (a) and localization of a Cr-waste landfill nearby a collecting ditch
(e) used for the experiments after freeze drying (raw biomass containing chromium) (f).
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to the groundwater mouths, immediately transported to the laboratory
and washed several times with tap water and three times with distilled
water. In the next step the biomass was frozen in liquid nitrogen and
stored for 2 days at −20 °C. After that, the frozen algae were
enclosed in a lyophilizer chamber (Alpha 1–4 Martin Christ
Gefriertrocknungsan-lagen GmbH lyophilizer, Germany) and freeze
dried for 120 h at 1.03 mbar and −20 °C. The freeze-dried material
(Fig. 1f) was kept at−20 °C until analysis.
2.2. Chromium desorption

Desorption experiments were carried out by contacting the har-
vested, freeze-dried biomass contained chromium (Fig. 1f) with various
eluents, namely 0.1–0.5 M HNO3, 0.1–0.5 M NaOH, 0.1 M EDTA and 0.1
M CaCl2. Thus, 0.1 g of the samplewas shaken out for 24 hwith 50mL of
the given solution in an Erlenmeyer flask using the laboratory shaker
IKA HS 260 Control at 130 rpm. Afterwards the solutions were passed
through syringe filters of porosity 0.20 μm(ChemLand, Poland), and an-
alyzed in terms of pH, total chromium and Cr(VI) concentration. Deter-
mination of the total chromium content in the raw biomass was
conducted after its mineralization in aMars 5 Xpressmicrowaveminer-
alization system (CEM, USA) using ultrapure HNO3 (60%, Merck). The
efficiency of chromiumdesorption by each eluentwasmade by compar-
ing of the total chromium content in the biomass (determined after its
mineralization) and chromium desorbed after contacting with the se-
lected eluent. All desorption experiments were conducted in duplicate.
(b). The photographs of the ditch (c) collecting Cr(VI) leachate (d) and algal biologicalmat



Table 1
Chemical composition and physical parameters of leachate. Various significant decimal
places result from the different detection thresholds of the analysis. Two independent se-
ries of experiments were conducted with n= 3 independent replicates in each series. The
upper limits for good (second class) quality of water are presented.

Cations, mg/L Min Max Median Limit

Na 178.40 443.50 245.45 –
K 3.56 8.26 4.45 –
Li 0.005 0.011 0.006 –
Be <0.0005 0.0008
Ca 74.61 130.60 106.16 96.7
Mg 9.680 18.730 11.300 11.7
Ba 0.0170 0.0370 0.0280 0.05
Sr 0.1220 0.2190 0.1500 –
Fe 0.01 0.14 0.04 –
Mn 0.004 0.181 0.082 –
Ag <0.001 –
Zn 0.002 0.010 0.006 0.1
Cu 0.001 0.008 0.004 0.01
Ni 0.001 0.004 0.002 0.034
Co 0.0002 0.0007 0.0004 0.05
Pb 0.0009 0.0028 0.0023 0.014
Hg <0.0001 0.00007
Cd <0.0003 0.00045
Se <0.01 0.02
Sb <0.0002 0.002
Al 0.009 0.018 0.012 0.4
Cr(VI) 19.000 122.700 36.505 0.02
Mo 0.0019 0.0250 0.0032 0.04
V 0.001 0.003 0.001 0.05
Zr <0.002 –
Ti <0.02 0.05
As <0.001 0.05
Tl <0.0001 0.002
W 0.0003 0.0020 0.0012 –

Anions, mg/L
Cl 56.3 421.0 72.2 31.9
SO4 262.2 747.0 390.7 89.4
HCO3 384.0 553.0 468.0 –
NO3 58.0 95.5 62.2 2.7
PO3 <0.02 0.1
BO3 0.19 0.60 0.39 2.0
HBO2 0.14 0.46 0.29 2.0

Other parameters
pH 8.13 8.44 8.31 7.5–8.3
Eh, mV 216 351 266 –
conductivity, μS/cm 1369 2780 1732 506

D. Ociński, J. Augustynowicz, K. Wołowski et al. Science of the Total Environment 786 (2021) 147501
2.3. Analytical methods

The taxonomic identification of the community was conducted four
independent times in 2019 (June, July, August, September). For that rea-
son sampleswere taken every 10mover a distance of 30m just near the
three groundwater mouths, put into 100 mL plastic containers and
transported to the laboratory. The composition of algaewas determined
using a Nikon ECLIPSE 600 light microscope with Nomarski phase con-
trast. The taxonomic analysis was performed according to Graham et al.
(2009), John et al. (2011) and Wehr et al. (2014).

Total chromium concentration in eluents was analyzed using atomic
absorption spectrometry with a graphite tube (Graphite Furnace AAS,
GBC Scientific Equipment, Australia). Simultaneously, the content of Cr
(VI) in solutions was determined by the spectrophotometric method
with 1,5-diphenylcarbazide (DPC) using a UV–Vis spectrophotometer
(Specord 210, Analytik Jena, Germany) at wavelength 540 nm (relative
standard deviation RSD ≤ 2.87%). All the samples were acidified prior to
analysis.

The FTIR spectra of the biomass surface were collected on a Fourier
transform, vacuum spectrometer (Bruker VERTEX 70 V, Germany)
equipped with an air-cooled DTGS detector. The data were recorded at
the resolution of 4 cm−1 with collection of 64 scans and further proc-
essed using Bruker OPUS software. The surface of the biomass was
also analyzed byX-rayphotoelectron spectroscopy (XPS) usingAl Ka ra-
diation (hv = 1486.6 eV) with the hemispherical electron energy ana-
lyzer (Phoibos 100, Specs, Germany). C1 s peaks were used as the
internal standard calibration peak at 284.7 eV.

The analysis of leachate water was performed twice: in July and Oc-
tober 2019. 100 mL water samples were collected at the same location
as the biomass (for identification and sorption analysis), i.e. 3 samples
every 10 m in each series. Chemical composition of water was analyzed
by means of inductively coupled plasma mass spectrometry (ICP-MS)
(ELAN 6100, Perkin Elmer, UK) and titration (PN-EN ISO 17294-
1:2007, 2007; PN-ISO 9297:1994, 1994). The spectrometer was cali-
brated using ICP multi-element standard (Merck). SPS-SW1 batch 128
or 137 (LGC Standards) were used as the reference materials for ele-
mental analysis of the solutions. Due to the color of samples the content
of nitrate anions was analyzed with a nitrate ion selective electrode
(Orion 92A+, Thermo Fisher Scientific, USA). Before measurement of
metallic elements with ICP-MS, the water samples were acidified. The
limits of quantitation (LOQ) for the elements analyzed by the
abovementioned methods were as follows [mg/L]: Na 0.01; K 0.05; Li
0.001; Be 0.0005; Ca 0.05; Mg 0.001; Ba 0.0005; Sr 0.0003; Fe 0.01;
Mn 0.003; Ag 0.001; Zn 0.001; Cu 0.001; Ni 0.001; Co 0.0002; Pb
0.0001; Hg 0.0001; Cd 0.0003; Se 0.01; Sb 0.0002; Al 0.005; Cr 0.005;
Mo 0.0003; V 0.001; Zr 0.002; Ti 0.02; As 0.001; Tl 0.0001; W 0.0003;
Cl 1.0; SO4 3.0; HCO3 24.4; NO3 0.6; PO4 0.02; BO3 0.01; and HBO2

0.01. The analyses of leachate were performed in the Laboratory of Hy-
drology, AGH University of Science and Technology, Kraków, Poland,
certified by the Polish Centre for Accreditation (Certificate No. AB
1050, updated 27 May 2019). The results of water parameters were
evaluated for normality by Shapiro-Wilk test based on Statistica 13.1.

3. Results and discussion

3.1. Aquatic system description

The composition and parameters of the water withdrawn from the
retention ditch are presented in Table 1. None of the analyzed values re-
lated to the concentration of particular elements and physical parame-
ters of water followed normal distribution, therefore we presented the
range (min, max) and median values. The content of cations due to
the method of analysis reflects total amount of an element with no dis-
crimination between the speciation. However, in the case of Cr accord-
ing to the both analysis of Cr speciation based on spectroscopy method
and the physical parameters (Kotaś and Stasicka, 2000) of leachate: the
4

weakly alkaline pH and a high positive redox potential, Cr(VI)was prac-
tically the only form of Cr detected in the water. The upper limit for Cr
(VI) concentration in surface water is 0.020 mg/L (Journal of Laws of
the Republic of Poland, 2019); thus the concentration of Cr was
exceeded up to 6150 times.We also detected slightly elevated amounts
of Ca and Cl in the leachate. The high content of nitrate anions indicates
eutrophication, though the amount of phosphates was low; the high
concentration of calcium ions likely caused phosphates' precipitation.
The concentration of other than chromium hazardous elements did
not exceed allowable limits for surface waters (Table 1) according to
legal requirements (Journal of Laws of the Republic of Poland, 2019).
The conductivity was typical for leachates and resulted from high con-
centration of ions (e.g. chromates, nitrates, chlorides). The specific con-
centration of particular elements in the leachate was a consequence of
the past activity of the chemical company, which used Cr-ores for the
production of Cr(VI) compounds: sodium chromate, chromic acid anhy-
dride and potassium dichromate. Hexavalent chromium is very mobile
in the wide range of pH (Kotaś and Stasicka, 2000), thus it can be easily
infiltrated from the landfill unlike to Cr(III) and other heavy metals that
precipitate under neutral pH. The higher level of nitrate ions may result
from surface runoff from the nearby situated small municipal sewage
treatment plant.



Table 2
Species of algae occurring in the biological mat; (+) single, (1) sparse, (2) frequent,
(3) very frequent, (4) in mass.

Taxa Frequency

Dolichospermum cf. affine (Lemmermann) Wacklin, L.Hoffmann &
Komárek

2

Klebsormidium subtile (Kützing) Mikhailyuk, Glaser, Holzinger &
Karsten

4

Klebsormidium tribonematoideum (Skuja) Hindak 2
Maugeotia cf. scalaris Hassall 2
Melosira varians C. Agardh 2
Oedogonium sp. +
Spirogyra cf. circumlineata Transeau 1
Spirogyra cf. supervarians Transeau +
Stigeoclonium tenue (Aghard) Kützing 4
Tribonema viride Pascher 2
Tribonema vulgare Pascher 3
Tribonemna microchloron Ettl 4
Ulothrix tenuissima Kützing 2
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3.2. Algae community characterization

The plant biomass was a community of algae creating a characteris-
tic biological mat. It was dark green and formed a rather loose structure
floating above the bottom or floating on the surface. The analysis re-
vealed mixed, relatively stable composition of the filamentous forms
of algae (Fig. 2a–e) and one species of filamentous Cyanobacteria
(Dolichospermum sp., formerly Anabaena sp.) (Fig. 2f). The list of the
species is presented in Table 2 (taxon names according to Guiry and
Guiry, 2021). The highest representation in the mat was exhibited by
two species of Tribonema: T. microchloron and T. vulgare. The average
proportions of the particular genera were as follows: Tribonema
sp. 31% > Klebsormidium sp. 20% > Stigeoclonium sp. 14% > Mougeotia
sp. = Ulothrix sp. = Melosira sp. (diatom) = Dolichospermum sp. 7% >
Spirogyra sp. 5% > Oedogonium sp. 2%.

Some members of the community, in particular Stigeoclonium tenue,
are often found in various types of polluted water systems (Wołowski,
1989). Ulothrix tenuissima, Oedogonium sp. and Spirogyra sp. were stud-
ied in terms of Cr(VI) sorption (Bakatula et al., 2014; Chabukdhara et al.,
2017; Gupta et al., 2001; Onyancha et al., 2008), but as far as we know
the data on the application of filamentous algae for Cr(VI) removal are
limited compared to other heavy metals and unicellular forms of algae
(Chabukdhara et al., 2017; Husien et al., 2019; Mohan and Pittman,
2006). Tribonema species have been previously studied in accordance
with their capacity for biofuel production (Li-Beisson et al., 2019). The
possibility of using Tribonema sp. to biomonitor pollution by toxic me-
tallic elements (including Cr) in the territories exposed to contamina-
tion has been reported (Kuklin and Pomazkova, 2017). But as far as
we know this species has been never mentioned in the context of the
mechanisms of chromium removal. The maximal content of Cr in the
studied algae community reached 16230 mg/kg dry weight (d.w.),
while the median Cr content 4610.2 mg/kg d.w. under the given
environmental conditions, what we proved in our earlier work
(Augustynowicz et al., 2021). Bioconcentration factor (BCF): median
Cr content in the plant biomass (4610.2 mg/kg d.w.) versus median Cr
content in water (36.505 mg/L — compare Table 1) was 126.3
(Augustynowicz et al., 2021). According to the definition (van der Ent
et al., 2013), the biomass of filamentous algae showed
hyperaccumulation capacity for Cr — accumulation levels of Cr ≥ 300
mg/kg d.w., and BCF > 1.

In spite of the high potential of the biological mat for chromium bio-
remediation, the whole maintenance of the studied phycoremediation
system has so far been limited to regular harvesting and disposal (with-
out any pretreatment) of algae on the landfill site. It seems that in order
to achieve its better utilization and to gain additional economic and en-
vironmental benefits, some operations should be undertaken. The
Fig. 2. Microphotographs of the predominant genera in the mat: Tribonema sp. (indicated by
Mougeotia sp. (c); Ulothrix sp. (d); Melosira sp. (e); Dolichospermum sp. (f); scale bar = 20 μm
to the web version of this article.)
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potential application of the phytoextracted plant material and metals
for the technology are described by Hunt (Hunt et al., 2014). The re-
building of the retention ditch would enable better contact between
the biological mat and the infiltrate, resulting likely in the higher effi-
ciency of the remediation process. Moreover, the use of more advanced
wetland systems, such as high-rate algal ponds (HRAP), might provide
some additional benefits when combined with energy production
from the biomass (Rodrigues de Assis et al., 2020). Also the safe disposal
of chromium-loaded algae is of high importance, as it should be regu-
larly harvested and processed to avoid release of the accumulated chro-
mium back into their source. An worth considering solution would be
liquefaction of the Cr-loaded algae in hydrothermal conditions or
biofuels production (Tian et al., 2014), combinedwith chromium recov-
ery. However, because such a complex technological solution would re-
quire high investment and might be economically not viable for small
chemical plant, burning of the biomass combined with chromium re-
covery and energy productionmay be ultimately considered as an envi-
ronmentally friendly and cost-effective solution.
3.3. Mechanisms of chromium phycoremediation

3.3.1. Desorption experiments
In the first step, the algal biomass containing chromium, collected

from the natural habitat, was contacted with various eluents in order
to desorb Cr(VI) and Cr(III) and to understand the binding pattern of
chromium on algae. The varied efficiency of Cr(III) and Cr(VI)
blue arrow) and Klebsormidium sp. (indicated by red arrow) (a); Stigeoclonium sp. (b);
. (For interpretation of the references to color in this figure legend, the reader is referred
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desorption for different eluents (Fig. 3) allowed the preliminary identi-
fication of the main functional groups involved in the biosorption pro-
cess. Moreover, rough distinction between chromium adsorbed on the
biomass surface and intracellularly accumulated may be done using
this simple method. Effective desorption of chromium using only di-
luted solutions that cause no disruption of the cell walls may indicate
biosorption as the main mechanism of chromium detoxification, al-
though partial removal of intracellular chromium is also inevitable dur-
ing this process (Mehta andGaur, 2005). As can be seen in Fig. 3, in spite
of the presence of Cr(VI) solely in the studied aquatic system, themajor-
ity of chromium bound to the algae (>90%) was in the Cr(III) form and
only low recovery yields of Cr(VI) by NaOH solutions were observed.

This is in accordance with other studies dealing with the removal of
Cr(VI) from aqueous solution by means of algal biomass, indicating re-
duction as the important part of the remediation process (Pagnanelli
et al., 2013; Samuel et al., 2015; Shen et al., 2010). The highest recovery
of accumulated chromium was observed after the use of nitric acid,
which might denote ion exchange as the dominating binding mecha-
nism (Han et al., 2006; Yun et al., 2001), since the complexes of Cr(III)
with carboxylic groups are not readily desorbed in mineral acids (Han
et al., 2006; Yun et al., 2001). Chojnacka et al. studied adsorption/de-
sorption of Cr(III) on Spirulina sp., and concluded that the biomass has
characteristics similar to weakly acidic ion exchangers, and Cr(III) was
bound to its surface mainly by carboxylate and phosphate functional
groups (Chojnacka et al., 2005). Furthermore, since contact of the
metal-loaded biomass with chelating agent (0.1 M EDTA) resulted in
desorption of 13.3% of accumulated chromium, both ion exchange and
complexation may be considered as the main mechanisms of Cr(III)
binding. This was also confirmed by very low efficiency of chromium
desorption in 0.1 and 0.5 M NaOH, which is a common method used
for weak base anion-exchange resins regeneration, allowing desorption
of only chromates(VI). Thus, it seems that passive biosorption might be
mainly responsible for chromium accumulation. Meanwhile, the sub-
stantially higher desorption effectiveness of chromium inmore concen-
trated HNO3 and NaOH solutions, likely causing disruption of the cell
walls (Kratochvil et al., 1998), may suggest the presence of chromium
within the cells, and thereby confirming the minor involvement of
metabolism-dependent processes in chromium accumulation by the
described algal community.

3.3.2. FTIR and XPS studies
In order to study the interactions of the functional groups with Cr

(III) and Cr(VI) more closely, the algal biomass collected from the natu-
ral habitat (raw biomass with adsorbed chromium (Fig. 1f)), as well as
the biomass after chromium desorption by 0.1 M HNO3 and 0.1 M
Fig. 3. Recovery yields of both total chromium and C

6

NaOH, was characterized using infrared spectroscopy technique. As
can be seen in Fig. 4, the spectra of the biomass contain peaks character-
istic for the functional groups commonly present in biomolecules in
algal cell walls (Table 3). More useful when studying the biosorption
mechanisms are changes observed in spectra after contacting with
HNO3 and NaOH solutions (Fig. 4b–c). Evident changes in bands' inten-
sity and frequency after chromium desorption in HNO3 confirmed the
role of carboxyl functional groups as the main functionalities in Cr(III)
binding. The most noticeable changes were observed for bands at
1221, 1452 and 1740 cm−1, which can be attributed to various carboxyl
stretches (Table 3).

The newly formed bands at 1740 cm−1 (free COOH) and 1452 cm−1

(COO−), as well as the increase in the band at 1221 cm−1 (C–O
stretching in COOH) after desorption in HNO3, confirmed the vital role
of carboxylic groups in ion exchangewith Cr(III) cations. Similar conclu-
sions have also been presented by other authors (Godlewska et al.,
2018; Lee and Chang, 2011; Popuri et al., 2007; Sari and Tuzen, 2008;
Yun et al., 2001). The peak at 1651 cm−1, which likely corresponds to
C=O stretching in COOH and amide(I), became higher and shifted to-
ward lower energy after chromium desorption in HNO3, which might
indicate some contribution of coordinate bonding between Cr(III) and
oxygen in carbonyl groups.

This is in agreement with the suppositions made on the basis of de-
sorption studies. Moreover, similar results were reported by Dittert
et al. when studying Cr(III) biosorption by the brown macroalga Lami-
naria digitate (Dittert et al., 2012). Mechanisms of trivalent chromium
binding to carboxylic groups by ion exchange and complexation have
been described in detail by Papageorgiou et al. (2010) and Yun et al.
(2001). It should also be noted thatmany authors have reported the ev-
ident enhancement in the intensity of the band at approximately
1630–1650 cm−1, after Cr(VI) adsorption on the algal biomass, which
had arisen from the increase in the amount of surface carbonyl groups
formed as a result of alcohol and phenol oxidation by Cr(VI)
(Pagnanelli et al., 2013; Shen et al., 2010). The results obtained in the
present study (Fig. 3) suggest however that no significant chemical ox-
idation of biomass surface took place during Cr(VI) accumulation. The
observed slight changes for bands at 1150–1160 cm−1 and 1370–1390
cm−1 reveal the small involvement in Cr(III) binding of sulfonate or
phosphonate functionalities present in sulfonated polysaccharides, or
phospholipids, respectively. Pagnanelli et al. reported binding of Cr(III)
by labile electrostatic interactions to sulfonates present on the biomass
surface of Chlorella vulgaris (Pagnanelli et al., 2013). The substantial shift
of the band at 1537 cm−1 to 1516 cm−1 or 1517 cm−1 after chromium
desorption in bothHNO3 andNaOH likely corresponds to Cr(VI) binding
on glucosamine groups present in cell glycoproteins of both freshwater
r(VI) from the algal biomass by various eluents.



Fig. 4. FTIR spectra of raw algal biomass (a) and the biomass after chromium desorption by NaOH (b) and HNO3 (c).
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and sea algae (Table 3) (Kratochvil et al., 1998; Yalçın and Özyürek,
2018). Unlike the hydroxyl groups usually involved in Cr(VI) binding
under acidic conditions, the glucosamine groups can react with chro-
mates also at near neutral pH (pka > 8) (Han et al., 2006) according to
the ion-exchange reaction characteristic for weak-anion exchangers:
R-NH2(s) + H+
(aq) + HCrO4

−
(aq) → R-NH3

+⋯HCrO4
−
(s) (1)

To confirm the abovementioned considerations, the X-ray photo-
electron spectroscopy analysis of the biomass surface (raw biomass
with adsorbed chromium (Fig. 1f)) was also conducted. Fig. 5 shows a
deconvoluted Cr 2p spectra with two overlapping peaks at 576.8 eV
(Cr(III)) and 579.3 eV (Cr(VI)). The results revealed the presence of
mainly Cr(III) (~82%) bound on the algal surface and only a small
amount of adsorbed Cr(VI), which is consistent with our previous find-
ings from chromium desorption and FTIR analyses.
Table 3
Functional groups of studied algal biomass involved in biosorption process and the correspond

Assignment Wavenumb

Raw algae
(with Cr)

C=O stretching of the free COOH
(Fourest and Volesky, 1996; Murphy et al., 2007)

–

C–O stretching of COOH
(Murphy et al., 2007; Park et al., 2004)

–

Stretching of COO−

(Kang et al., 2007; Pagnanelli et al., 2013)
–

C=O stretching of COOH or amide(I)
(Park et al., 2004; Yun et al., 2001)

1651

N–H stretching of amide(II)/amines
(Pagnanelli et al., 2013; Zaccaroni and Scaravelli, 2008)

1537

Asymmetric sulfate stretching
(Murphy et al., 2007; Pagnanelli et al., 2013; Pankiewicz et al., 2016)

1388

Symmetric sulfate or phosphate stretching
(Chen et al., 2019; Dittert et al., 2012; Pankiewicz et al., 2016)

~1160

7

To sum up, the conducted studies indicated that chromium was
bound mainly to the external site of the cells or to EPS, in the form of
Cr(III), feasibly by ion exchange and complexation mechanisms. In
view of the neutral or weakly alkaline pH of the studied aquatic system,
precipitation of Cr(OH)3 on the biomass surface is also very likely. How-
ever, since only Cr(VI) was present in the studied aquatic system, its
highly effective reduction to Cr(III) under neutral conditions needs to
be explained.
3.3.3. Mechanism of Cr(VI) reduction
It is commonly known that Cr(VI) is a powerful oxidizing agent,

which can oxidize alcohols and phenols to corresponding ketones and
carboxyl acids, while Cr(VI) is reduced to Cr(III) and then may be
adsorbed on the freshly created functionalities. Polyphenols as well as
hydroxyl groups in polysaccharides of algal cell walls and
exopolysaccharides are considered as the main electron-donor groups
in algal biomass responsible for Cr(VI) reduction (Elangovan et al.,
2008; Yalçın and Özyürek, 2018). Especially the presence of
ing FTIR bands.

er, cm−1 Examples of possible biomolecules

After desorption

In 0.1 M
HNO3

In 0.1 M
NaOH

~1740 – Alginic acid, uronic acids, amino acids

1221 –

1452 –

1631 1644 Amino acids (peptide bonds)

1517 1516 Amino acids, glucosamine in glicoproteins

1373 1396 Sulfated polysaccharides (heteropolysaccharides)

~1150 ~1150 Sulfated polysaccharide or phospholipids



Fig. 5. Deconvoluted high resolution XPS Cr 2p spectra of the algal biomass surface.
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exopolysaccharides (most often in the form of external slime) with a
high number of hydroxyl groups may play an important role in the re-
duction of Cr(VI) to Cr(III) by algae (Hegde et al., 2016). Dittert et al. ob-
served an increase in Cr(III) uptake capacity by the oxidized algal
biomass (after Cr(VI) reduction) in comparison with the algae in their
original form (Dittert et al., 2014). Moreover, the significant increase
of the number of COOH groups during algal oxidation by Cr(VI) was
confirmed by potentiometric titrations. Samuel et al. also observed the
presence of new carboxylic groups on the algal surface after contacting
with Cr(VI), explaining it by oxidation of the free aldehyde group pres-
ent in reducing sugars created during polysaccharide hydrolysis
(Samuel et al., 2015). Some authors have observed decolorization of
dried algal biomass after oxidation by Cr(VI), which revealed the partic-
ipation of the algal pigments in the reduction of hexavalent to trivalent
chromium (Dittert et al., 2014; Han et al., 2006). Also the sulfhydryl
groups, which are present mainly in peptides, may be oxidized to
sulfonated groups (Han et al., 2006; Shevchenko et al., 2008), according
to the reaction:
R-SH(s) + 2 HCrO4
−
(aq) + 8H+

(aq) → R-SO3H(s) + 2 Cr3+(aq) + 5 H2O(aq) (2)

Notwithstanding, it should be noted that the reduction of Cr(VI) is a
highly pH-dependent process, since not only electrons but also protons
are necessary in this reaction:
HCrO4
− + 7H+ + 3 e− → Cr3+ + 4 H2O (3)

Thus, the process of biomass oxidation by Cr(VI) can be effective
only under strongly acidic conditions, usually between pH 1 and 4. On
the other hand, although low pH values substantially enhance the
8

reduction rate, Cr(III) sorption is drastically reduced under acidic condi-
tions as the biomass surface becomes protonated, resulting in an evi-
dent decrease in chromium removal efficiency (Al-Homaidan et al.,
2018; Dittert et al., 2014). The increase in pH of the solution is beneficial
for chromium sorption, but simultaneously it negatively influences Cr
(VI) reduction. Even though the efficiency of this process under weakly
acidic conditions (pH 4.5–5) is still high enough, the rate of Cr(VI) re-
duction drastically drops (Sawalha et al., 2005; Yalçın and Özyürek,
2018). A further increase in solution pH also results in suppression of
the chromium reduction efficiency. Kratochvil et al. studied the removal
of Cr(VI) from aqueous solutions by means of dried algal biomass and
concluded that the reduction and uptake of hexavalent chromium at
pH 7 were negligible (Kratochvil et al., 1998).

Meanwhile, the conditions in the studied aquatic system were
weakly alkaline (pH 8.1–8.3), which implies that effective chemical re-
duction of Cr(VI) by the abovementioned mechanism is unlikely. Not-
withstanding, the observed excellent chromium uptake by the algae
suggests a different, metabolism-dependent mechanism of Cr(VI) re-
duction, feasibly biological or biologically induced chemical reduction.
It should also be mentioned that the occurrence of adverse reduction
of bound Cr(VI) only duringdesorption inmineral acids can be excluded
in the studied system. The binding of Cr(VI) anions on the biomass sur-
face, according to an “acid adsorption” mechanism, became effective
only under acidic conditions when hydroxyl and phenolic groups be-
came protonated. Also the amount of glucosamine groups on the bio-
mass surface, which are able to bind chromium at neutral pH
(reaction 1), is not sufficient to explain the observed excellent Cr(VI)
uptake. The presence of mainly Cr(III) on the studied biomass surface
was also confirmed in the desorption studies (Fig. 3), after washing of
chromium-loaded algae with 0.5 M NaOH. This common method used
forweakbase anion-exchange resins regeneration (SenGupta, 2017) re-
sulted in the desorption of only 5.2% of the total adsorbed chromium.
Also the results from XPS studies revealed the presence of mainly Cr
(III) on the biomass surface. Thus, and because of the presence of living
algae in the studied system, the metabolism-dependent mechanism
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seems to be more likely responsible for Cr(VI) reduction. As has been
previously mentioned, the process of Cr(VI) reduction by living organ-
ismsmay be of either enzymatic or non-enzymatic origin. Although en-
zymatically driven processes are widely described mainly for bacteria,
there are some studies reporting the ability of algae to reduce Cr(VI)
via chromium reductase (Kamaludeen et al., 2003; Rehman and
Shakoori, 2001; Yen et al., 2017; Yewalkar et al., 2007). However, the
published data concern mainly microalgae. For example, Yen et al. re-
ported complete reduction of Cr(VI), at pH 7.0, when contacting with
living Chlorella vulgaris algae (Yen et al., 2017). Additionally, there are
some important factors influencing both the rate and the effectiveness
of Cr(VI) bioreduction. Yewalkar et al. revealed that Cr(VI) bioreduction
by algae belonging to Chlorella sp. (isolated froman industrialwaste dis-
posal site) was stimulated by light and decreased in the dark (Yewalkar
et al., 2007). Also the presence of Ca2+ and Mg2+ in the aquatic system
facilitates Cr(VI) bioreduction under near neutral conditions
(Opperman et al., 2008). Thus, itmay be concluded that the highly effec-
tive reduction of Cr(VI) to Cr(III) by the studied community (under near
neutral pH conditions and visible light, and in the presence of elevated
concentration of Ca2+ ions) was of biological origin and may have re-
sulted from e.g. enzymatic activity of the algae. Moreover, we can also
predict that symbiotic bacteria that may also be present on the surface
of the algal biological mat can play some role in the Cr(VI) bioreduction.

4. Conclusions

We revealed that the three Tribonema algal species, namely
T. vulgare, T. microchloron and T. viride, dominating in the studied
community, are likely responsible for the effective Cr(VI) bioremedi-
ation. It is worth drawing attention to the fact that these species have
never been studied before with regard to the mechanisms of Cr(VI)
removal. We found that themainmechanism of Cr(VI) detoxification
by the studied biological mat was reduction followed by Cr(III)
biosorption. The excellent efficiency of chromium reduction under
the given weakly alkaline conditions indicates the biological origin
of this process. However, further studies are needed to explain this
phenomenon in detail.

We suggest that the examined retention ditch inhabited by the algal
community can be used, after some modifications, as a simple, cost-
effective “bioreactor” allowing the reduction of chromium concentra-
tion to the desired level. The vital benefits of the studied biological
mat are:

– ability to grow in extremely high concentrations of Cr(VI), i.e. up to
ca. 6150 times the upper limit for surface water,

– hyperaccumulative properties toward chromium present in the
hexavalent form (accumulation levels ≥300 mg/kg d.w., and
bioconcentration factor > 1),

– suitable physical form of filamentous macroalgae that does not re-
quire immobilization.

However, in order to better utilize the potential of the studied sys-
tem, providing additional economic and environmental benefits, some
operations should be undertaken. They include rebuilding of the reten-
tion ditch and solving the problem of safe disposal for further techno-
logical application of the chromium-loaded algae.
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